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1.  Introduction 

This  is  the  final  report  on  the  research  program  on  "Radar  Target 
Discrimination  and  Identification  Using  Extinction-Pulses  and  Single-Mode 
Extraction  Pulses,"  supported  by  Defense  Advanced  Research  Projects  Agency, 
Office  of  Naval  Research  and  Office  of  Naval  Technology  under  Contract  N00014-87- 
K-0336.  This  program  was  initiated  on  June  1,  1987  and  ended  on  January  31, 
1991. 

The  goal  of  this  research  program  is  to  develop  an  efficient  new  radar 
tzrzat  discrimination  and  idantif scheme  based  on  the  natural  frequencies 
of  the  target.  It  consists  of  synthesizing  aspect- independent  discriminant 
signals  including  Extinction-pulses  (E-pulses)  and  Single-mode  extraction  pulses 
(S-pulses)  which,  when  convolved  numerically  with  late-time  transient  response 
of  an  expected  target,  lead  to  zeto  ro  single-mode  responses.  When  the 
synthesized  discriminant  signals  for  an  expected  target  are  convolved  with  the 
radar  return  from  a  different  target,  the  resulting  signals  will  be  significantly 
different  from  the  expected  zero  or  single-mode  responses,  thus,  the  differing 
targets  can  be  discriminated. 

In  this  program,  we  have  firmly  established  the  feasibility  and  efficiency 
of  this  E/S  pulse  scheme  through  experimental  and  theoretical  studies.  The 
unique  characteristics  of  this  scheme,  the  aspect- independence  and  noise  - 
insensitivity,  have  been  demonstrated.  The  scheme  was  also  found  to  have 
potentiality  of  detecting  and  identifying  low  observable  targets  and  rotating 
targets  such  as  helicopters.  For  this  program  we  have  constructed  new 
experimental  facilities  which  include  a  new  ground-plane  time-domain  scattering, 
range  and  a  new  free-field  anechoic  chamber  scattering  range.  These  scattering 
ranges  covering  an  area  of  100'  x  50'  were  constructed  in  a  new  Electromagnetics 
Laboratory  in  a  newly  built  Engineering  Research  Complex.  These  scattering 
ranges  have  produced  many  good  experimental  results.  We  are  now  probably  one  of 
the  few  universities  that  are  equipped  with  both  types  of  scattering  ranges . 

We  will  describe  in  this  report  major  accomplishments  of  this  research 
program.  They  are  (1)  theory  of  E/S  pulse  techniques,  (2)  ground-plane  time- 
domain  scattering  range,  (3)  free-field  anechoic  chamber  scattering  range,  (4) 
noise- insensitivity  of  the  E/S  pulse  scheme,  (5)  discrimination  of  helicopters 
with  the  E/S  pulse  scheme,  (6)  detection  and  identification  of  low  observable 
targets,  (7)  effect  of  aspect  variation  on  multi-pulse  coherent  processing,  (8) 
discrimination  of  multiple  targets  in  the  same  range  cell,  anH  (9)  power 
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requirement  for  a  pulsed  radar  system. 

Some  reprints  of  published  papers  and  some  preprints  of  submitted  papers 
reporting  details  of  various  topics  studied  under  this  research  program  are 
included  in  Appendices.  A  list  of  publications  and  personnel  participated  in 
this  research  are  also  included. 
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2.  Theory  for  E/S-pulse  technique 

In  its  broadest  definition,  an  extinction  pulse  is  a  waveform  of  finite 
duration  Te  which,  upon  interaction  with  a  particular  target,  eliminates  from  its 
induced  current,  charge  or  scattered  field  response  a  preselected  portion  of  the 
target's  natural  mode  spectrum.  If  the  remaining  portion  is  a  single  damped 
sinusoid,  the  E-pulse  is  termed  a  "single-mode  extraction  signal"  or  "S-pulse". 

Synthesis  conditions  for  the  E-pulse  waveform  can  be  easily  establish'-  i. 
The  scattered  field  response  of  a  conducting  object  can  be  written  in  the  late- 
time  as  a  sura  of  damped  sinusoids 

N 

r(t)  -  £  ane0stcos  (u  „£><!>„)  t  >  TL  (1) 

r.-i 

where  TL  is  the  beginning  of  the  late-time  response,  ap  and  0n  are  the  aspect 
dependent  amplitude  and  phase  of  the  nth  mode,  s-c+jo,  and  only  N  modes  are 
assumed  excited  by  the  incident  field  waveform.  The  convolution  of  an  E-pulse 
waveform  e(t)  with  the  above  response  is  given  by 

c(t)  -  53  <3n(£’(S;3)|e0n!:COS  (2) 

n-1 

where  T  is  dependent  on  e(t)  and 

T. 

E  ( s)  -  Ue(  t) }  -  J  e(t)  e'stdt  (3) 

is  the  Laplace  transform  of  the  E-pulse.  Constructing  an  E-pulse  to  produce  a 
null  late-time  convolved  response,  c(t)-0,  is  seen  to  require 

E(sn)  -  E(s; )  -  0  (4) 

In  other  words,  the  E-pulse  must  have  zero  spectral  energy  at  the  natural 
frequencies  in  the  target  response.  A  single  mode  extraction  signal  necessitates 

E(sn)  -  E ( Sa )  -  o  iznzN,  n*m  (5) 
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to  leave  the  mth  mode  "unextinguished"  in  the  convolved  response.  Alternatively, 
the  conditions  (5)  can  be  applied  along  with 

E(Sm)  -  E(S;)  (6) 

to  give  a  "cosine"  S -pulse  or  with 

E(sa)  -  -E(S;)  (7) 


to  give  a  "sine"  S-pulse. 

To  implement  the  above  synthesis  requirements,  the  E-pulse  is  represented 
as 

e(  t)  -  e  f  ( t)  +  e  °(  C)  (®) 

where  ef(t)  is  a  forcing  component  which  excites  thp  target's  response,  and  ee(t) 
is  an  extinction  component  which  extinguishes  the  response  due  to  ef(t).  The 
forcing  component  is  chosen  freely,  while  the  extinction  component  is  expanded 
in  a  set  of  basis  functions 


e  e  (  t) 


M 


£ 


(9) 


and  the  synthesis  conditions  are  applied.  For  an  E-pulse  designed  to  extinguish 
all  the  modes  of  a  target  response,  (4)  results  in  a  matrix  equation  for  the 
basis  function  amplitudes 


'Fx  ( sx )  F2  ( s2 ) 

FX(SW)  F2(sn) 
Fx  ( Si )  F2  { ) 

E1isl)  F2(s;) 


(  S1  ) 
( SN ) 

F„(s-) 


Et(sl) 

Ef(sN) 

e  f (si) 

E((sZ) 


(10) 


where 
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Fa(s)  -  L{fa{t)} 
Et(s)  -  L{ef(t)  } 


(11) 


and  M-2N  is  chosen  to  make  the  matrix  square.  Note  that  if  a  DC  offset  artifact 
is  present  in  the  measured  response  the  E-pulse  can  be  synthesized  to  remove  the 
DC  by  demanding,  in  addition  to  the  above  requirements,  E(s-0)-0. 

The  matrix  equation  (10)  has  a  solution  for  any  choice  of  E-pulse  duration. 
However,  for  some  choices  of  Te  the  determinant  of  the  matrix  vanishes  and  (1) 
has  a  solution  only  if  ef(t)-0.  This  type  of  E-pulse  is  termed  a  "natural"  E- 
pulse,  while  all  others  are  called  "forced"  E-pulses. 

A  variety  of  basis  functions  have  been  used  in  the  expansion  (8)  ,  including 
delta- functions ,  Fourier  cosines,  damped  sinusoids  and  polynomials.  While  each 
choice  has  its  own  important  motivation,  perhaps  the  most  versatile  expansion  is 
in  terms  of  subsectional  basis  functions 


fjt) 


f  g(  t-  tm-i]  A) 

1  o 


(m-l)  A  s;  t  s  mA. 
elsewhere 


(12) 


so  that  Tg-2NA  and 


Fm(s)  -  F1(s)  esA  Z  m 


where 


Z  -  e'Sii 


(13) 


(14) 


giving  a  matrix  of  the  Vandermonde  type.  The  determinant  of  this  matrix  is  zero 
when 


A  -  SJL  P-1,2,3,...,  IskzN  (15) 

w  k 

revealing  thac  the  duration  of  a  natural  E-pulse  is  only  dependent  upon  the 
imaginary  part  of  one  of  the  natural  frequencies.  The  minimum  natural  E-pulse 
duration  is  just 


Te  -  2N- 


(16) 
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where  u  is  the  la  st  radian  frequency  among  the  modes. 

The  proper  chc  :e  of  Te  in  the  synthesis  of  an  E-pulse  is  critical  to  its 
performance.  Empirical  results  show  that  if  T#  is  chosen  to  be  less  than  the 
minimum  natural  E-pulse  duration  (16)  the  resulting  E-pulse  waveform  is  highly 
oscillatory  with  a  majority  of  its  energy  above  «  and  poor  results  are 
obtained  in  the  presence  of  random  noise. 

Discrimination  among  radar  targets  is  based  upon  the  ability  to 
differentiate  the  convolution  of  the  correct  E-pulse  with  a  measured  target 
waveform  from  the  myriad  of  other  convolutions.  As  the  number  of  prospective 
targets  becomes  large,  a  visual  inspection  of  the  convolved  outputs  becomes  more 
subjective,  and  eventually  impractical.  A  scheme  has  therefore  been  devised  to 
automate  the  discrimination  decision. 

Ideally,  if  the  E-pulse  convolutions  were  uncorrupted,  the  energy  ratio 

j  c2  { t)  dt 

E  -  -  (17) 

T, 

j e2  ( t)  dt 


would  be  zero  only  for  the  correct  E-pulse.  Here  c(t)  is  the  convolution  of  the 
E-pulse  e(t)  with  the  measured  response,  and  TLES  is  the  earliest  time  at  which 
the  unknown  target  convolution  is  certain  to  be  a  unique  series  of  natural  modes 

tles  -  +  2 rr  (18) 

where  Tf  is  the  one-way  transit  time  of  the  largest  dimension  of  the  target 
corresponding  to  the  E-pulse.  (The  largest  dimension  must  be  used  unless  the 
target  aspect  is  known.)  The  end  of  the  energy  window,  TL£E ,  is  chosen  so  that 
the  window  width,  TLEE-TLES,  is  the  same  for  all  convc  .utions . 

If  the  convolutions  are  corrupted  with  noise,  the  convolution  with  the 
smallest  energy  ratio  corresponds  to  the  correct  target.  The  difference  in  dB 
between  the  smallest  energy  ratio  and  the  next  smallest  gives  a  measure  of  the 
confidence  of  the  discrimination  decision,  and  is  called  the  "E-pulse 
discrimination  ratio"  (EDR) . 
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A  similar  approach  can  be  applied  to  discrimination  based  on  S-pulse 
waveforms.  Here  a  discrimination  decision  is  based  on  recognizing  a  pure  single 
mode  signal  among  a  multitude  of  multi-mode  signals. 

Consider  the  convolution  of  an  S-pulse  with  a  return  from  the  expected 
target.  During  a  finite  time  period  between  the  onset  of  late-time  and  the  end 
of  the  measured  return  the  convolved  output  will  be  a  single  damped  sinusoid  of 
unknown  amplitude  and  phase  (depending  on  target  aspect)  but  known  complex 
frequency.  Using  the  outlined  synthesis  scheme  it  is  possible  to  create  both 
sine  and  cosine  S-pulses  which  result  in  output  convolutions  cc(t)  and  c  (t)  with 
identical  unknown  amplitudes  and  unknown  phases  differing  by  90° 

cc(t)  -  Ae°°ccos  (u0t  +  i|r)  (lg) 
cg(t)  -  Ae°oCsin(to  0J>4f) 


which  can  be  combined  to  form  the  complex  exponential 

C(C)  -  c  ( t) -jc  ( t)  -  Ae‘Jtel’ote'J""!: 


(20) 


These  outputs  are  analyzed  for  expected  single -mode  content  ip  an  approach 
inspired  by  the  matched  filtering  concept.  Define  the  S-Pulse  energy  ratio 


E  - 


J  |C(oj)||F(o)|du> 


J\C((j))j2  d(j)  j\F[(j))\2dio 


where  C(w)  is  the  Fourier  spectrum  (obtained  via  the  FFT)  of  C(t),  and  F(w)  is 
the  analytic  spectrum  of  the  expected  complex  exponential,  taken  over  the  same 
finite  time  interval.  It  is  apparent  that  the  energy  ratio  takes  on  a  maximum 
of  unity  when  the  convolved  output  matches  the  expected  signal.  Thus,  if  the 
convolutions  are  corrupted  with  noise,  the  ratio  closest  to  unity  corresponds  to 
the  correct  target.  The  difference  in  dB  between  the  energy  ratio  closest  to 
unity  and  the  ratio  next  closest  gives  a  measure  of  the  confidence  of  the 
discrimination  decision,  and  is  called  the  "S-pulse  discrimination  ratio"  (SDR). 
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Note  that  the  unknown  phase  of  the  convolved  output  is  inconsequential  since  only 
the  spectral  magnitude  is  involved. 

Finally,  the  results  from  E-pulse  and  S-pulse  discrimination  can  be 
combined  into  an  overall  confidence  ratio  DR-EDR(dB)+SDR(dB) . 
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3.  Ground-plane  time-domain  scattering  range. 


The  layout  of  the  ground-plane  time-domain  scattering  range  and  the 
free-field  anchoic  chamber  scattering  range  is  shown  schematically  in  Fig. 

1.  These  two  scattering  ranges  are  located  adjacent  to  each  other  and  the 
arrangement  of  other  instrumentations  including  a  pulse  generator,  a 
sampling  oscilloscope  and  a  computer  system  are  also  depicted  in  Fig.  1. 

The  ground-plane  time-domain  scattering  range  implements  antennas  and 
target  models  imaged  on  a  20  by  32  ft.  ground  plane  which  was  assembled  from 
4  by  8  ft.  modules.  A  large  monoconicai  antenna,  with  height  2.4  m,  apex 
angle  16°  and  characteristic  impedance  160  ohms,  is  used  as  the  transmitting 
antenna  to  radiate  narosecond  EM  pulses.  A  long  wire  antenna  of  length  2.4 
m  and  diameter  1/4  inch,  is  used  as  the  receiving  antenna  to  receive  the 
scattered  fields  form  the  targets.  It  is  noted  that  a  short  monopole  probe 
has  been  used  previously  as  the  receiving  antenna.  The  replacement  of  a 
short  raonopole  probe  with  a  long  wire  antenna  led  to  an  improvement  on  the 
signal  to  ™ise  ratio  of  the  measured  scattered  fields  from  the  targets. 
Scale  models  of  various  airplanes  have  been  constructed,  and  they  can  be 
placed  at  various  locations  on  the  ground  plane  to  be  illuminated  by  the  EM 
pulses  radiated  by  the  transmitting  antenna,  and  their  scattered  fields 
received  by  the  receiving  antenna.  A  narosecond  EM  pulse  generator 
(Tektronix  109  mercury- switched  pulse  generator)  is  used  to  excite  the 
transmitting  antenna.  This  pulse  generator  produces  pulses  of  100  ps 
risetime  and  duration  between  Ins  and  1  ,us  with  amplitudes  as  great  as  500 
volts  at  1  KHz  repetition  rate. 

The  scattered  fields  or  pulse  responses  from  the  targets  are  sampled 
and  measured  using  a  Tektronix  7854  digital  waveform  processing  sampling 
oscilloscope  (DWPSO) .  The  DWPSO  automatically  acquires  and  averages 
multiple  target  response  waveforms,  and  implements  intial  signal  processing 
operation  such  as  interpolation,  smoothing  and  integration.  An  IEEE  GPIB 
interface  links  the  DWPSO  with  an  IBM-AT  coraprtible  microcomputer.  Software 
programs  executed  on  the  microcomputer  transfer  data  from  the  DWPSO  waveform 
memories  to  computer  RAM,  and  subsequently  to  hard-disk  storage.  After  the 
measured  scattered  fields  from  the  targets  are  transferred  from  the  DWPSO  to 
the  computer,  they  are  numerically  convolved  with  the  discriminant  signals 
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Fig.  1.  Two  scattering  ranges  with  associated  equipment  in  the  Electromagnetic 
Laboratory  of  Michigan  State  University. 


of  the  targets  stored  in  the  computer.  The  convolved  outputs  are  then 
displayed  on  the  computer  monitor. 

A  photograph  of  the  ground-plane  scattering  range  is  shown  in  Fig.  2. 
Using  this  improved  ground-plane  scattering  range,  numerous  experiments  have 
been  conducted  and  very  good  results  have  been  obtained.  One  set  of  typical 
results  is  described  here. 

We  aimed  to  discriminate  and  then  identify  among  four  different  target 
models;  (1)  a  medium  size  B707  model  of  length  33  cm,  (2)  a  medium  size  T-15 
model  (home  made  and  arbitrarily  named)  of  length  30  cm,  (3)  a  big  B707 
model  of  length  64.5  cm  and  (4)  a  big  F-18  model  of  length  72  cm  as  shown  in 
Fig.  3.  The  E-pulses  of  these  four  models  have  been  synthesized  as  shown  in 
Fig.  4,  and  they  were  stored  in  the  computer.  The  scattered  fields  or  the 
pulse  responses  of  these  four  targets  measured  at  certain  aspect  angles  are 
shown  in  Fig.  5.  It  is  observed  that  these  scattered  fields  consists  of 
large  early- time  responses  followed  by  oscillatory  late -time  responses.  The 
shapes  of  these  scattered  fields  are  strongly  dependent  on  the  aspect  angle 
and  it  is  impossible  to  identify  the  targets  from  these  scattered  fields. 
However,  when  these  scattered  fields  are  convolved  with  the  E-pulses  of  four 
different  targets  in  such  a  way  as  depicted  in  Fig.  3,  the  targets  can  be 
easily  and  clearly  identified. 

Figure  6  shows  the  four  convolved  output  signals  when  the  scattered 
field  of  the  medium  B707  model  was  convolved  with  four  E-pulses  of  the  four 
different  targets.  It  is  observed  that  the  convolved  output  of  this 
scattered  field  with  E-pulse  of  the  medium  B707  model  (the  same  target)  give 
a  very  small  signal  (almost  a  flat  line)  in  the  late-time  period.  On  the 
othp -•  hand,  the  convolved  outputs  of  this  scattered  field  with  the  E-pulses 
of  three  other  targets  (wrong  targets)  all  give  large  late- time  responses. 
Thus,  it  is  very  easy  to  identify  from  these  results  that  the  scattered 
field  belongs  to  the  medium  B-707  model. 

Figure  7  shows  the  four  convolved  output  signals  when  the  scattered 
field  of  the  medium  T-15  model  was  convolved  with  four  E-pulses  of  the  four 
different  targets.  From  the  convolved  output  signal  with  a  very  small  late- 
time  response  (almost  a  flat  line),  which  is  the  convolved  output  of  the 
scattered  field  with  the  E-pulse  of  the  medium  T-15  model,  it  is  easy  to 
identify  that  the  measured  target  is  the  medium  T-15  model. 
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Fig.  3  Convolution  process  of  a  target  response  with  the 
E-pulses  of  four  different  target  models. 
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The  E-Pulse  Waveforms  of  Four  Different  Airplane  Models 
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Fig.  4.  E-pulses  for  the  four  cargec  models:  (1)  a  medium 
size  B-707  model,  (2)  a  medium  size  T-15  model, 
(3)  a  big  B-707  model  and  (4)  a  big  F-18  model. 
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The  Scattered  Waveform  of  Medium  B707  Convolved  with  Different  E-Pulses 


Fig.  6.  Convolution  of  the  scattered  field  of  the  medium 

B-707  model  with  the  E-pulses  of  medium  B-707  model, 
medium  T-15  model,  big  B-707  model  and  big  F-18  model. 
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The  Scattered  Waveform  of  Medium  T-15  Convolved  with  Different  E-Pulses 


Relative 

Amplitude 


Fig.  7.  Convolution  of  the  scattered  field  of  the  medium  T-15  model 
with  the  E-pulses  of  medium  B-707  model,  medium  T-15  model, 
big  B-707  model  and  big  F-18  model. 
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Figure  8  shows  the  four  convolved  output  signals  when  the  scattered 
field  of  the  Big  B-707  model  was  convolved  with  the  E-pulses  of  the  fc  ir 
different  targets.  Again  it  is  very  easy  to  identify  the  target  being 
measured  as  the  big  B-707  model  from  the  convolved  output  of  this  scattered 
field  with  the  E-pulse  of  the  big  B-707  model.  Figure  9  shows  the  similar 
results  when  the  scattered  field  of  the  big  F-18  model  was  convolved  with 
the  E-pulses  of  the  four  different  targets.  From  the  convolved  output 
signal  with  a  flat  late-time  response,  the  target  in  question  can  be  easily 
identified  as  the  Big  F-18  model. 

We  believe  that  these  results  are  very  convincing  proofs  for  the 
feasibility  and  practicality  of  our  target  discrimination  and  identification 
scheme . 
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The  Scattered  Waveform  of  Big  B707  Convolved  with  Different  E-Pulses 


Fig.  8.  Convolution  of  the  scattered  field  of  the  big  B-707 
model  with  the  E-pulses  of  medium  B-707  model, 
medium  T-15  model,  big  B-707  model  and  big  F-18  model. 


The  Scattered  Waveform  of  Big  F-18  Convolved  with  Different  E-Pulses 


Fig.  9.  Convolution  of  the  scattered  field  of  the  big  F-18 
model  with  the  E-pulses  of  medium  B-707  model, 
medium  T-I5  model,  big  B-707  model  and  big  F-18  model. 


4.  Free-field  anechoic  chamber  scattering  range. 


A  time  domain  chamber  has  been  recently  established  at  MSU  for  the  purpose 
of  demonstrating  the  E-pulse  technique  in  a  free-field  environment.  The  chamber 
allows  a  simulation  of  the  free-space  radar  environment  where  realistic  scale- 
model  targets  can  be  illuminated  at  arbitrary  aspect  and  polarization. 

Figure  10  shows  a  schematic  diagram  of  the  MSU  free  field  experimental 
facility.  The  chamber  is  24'  long  by  12'  wide  by  12'  high  and  is  lined  with  12" 
pyramidal  absorber.  A  pulse  generator  provides  a  half  nanosecond  duration  pulse 
to  an  American  Electronic  Laboratories  model  H-1734  wideband  horn  (0.5-6  Ghz) 
which  has  been  resistively  loaded  to  reduce  inherent  oscillations,  and  the  field 
scattered  from  the  radar  target  is  received  by  an  identical  horn.  A 
microcomputer  controls  a  waveform  processing  oscilloscope  which  acquires  the 
received  signal  and  passes  it  to  the  computer  for  processing  and  analysis. 

Accurate  discrimination  among  eight  different  target  models  at  a  variety 
of  aspects  has  been  demonstrated  using  the  free  field  range.  The  targets,  shown 
in  Figure  11,  include  simple  aluminum  models  as  well  as  detailed  cast-metal 
models,  and  range  in  fuselage  length  of  from  six  to  eighteen  inches.  Figure  12 
shows  the  responses  of  the  big  F-15  and  A-10  target  models  measured  at  a  45° 
aspect  angle  (0°  aspect  is  nose-on  to  the  horn  antennas)  ,  with  the  early  and 
late-time  portions  of  the  responses  indicated.  Note  that  the  late-time  period 
begins  at  different  times  for  the  two  targets,  due  to  their  dissimilar  sizes. 
E-pulse  waveforms  have  been  constructed  to  eliminate  all  the  modes  of  each  target 
using  the  E-pulse  mode  extraction  scheme  (see  Appendix  I)  with  measurements  from 
five  different  aspect  angles.  These  waveforms  are  shown  in  Figure  13. 

Discrimination  between  the  big  F-15  and  the  A-10  can  be  accomplished  by 
convolving  the  E-pulses  with  the  measured  responses,  and  observing  which  E-pulse 
produces  the  smallest  late -time  output.  First  assume  the  45°  response  of  the  big 
F-15  is  from  an  unknown  target.  Figure  14  shows  the  convolutions  of  the  two  E- 
pulses  with  the  response.  Clearly  the  big  F-15  E-pulse  produces  the  smaller 
late- time  signal,  and  thus  the  response  is  identified  as  coming  from  a  big  F-15 
aircraft.  For  the  complimentary  situation,  assume  the  45°  response  of  the  A-10 
is  from  an  unknown  target.  Figure  15  shows  the  convolutions  of  the  E-pulses  with 
this  response.  In  this  case  the  A-10  E-pulse  produces  the  smaller  late- time 
signal,  indicating  the  response  is  from  an  A-10  aircraft. 

It  is  apparent  that  discrimination  among  radar  targets  is  based  on  the 
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(TB747 )  (BF15)  (A10) 


Figure  11.  Eight  target  models  used  in  discrimination  experi¬ 

ments  in  the  free-field  chamber  scattering  range. 
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-10  target  models  measured  at  45  aspect. 


Relative 


Figure  14  Convolution  of  the  big  F-15  E-pulse  (solid  line) 

o 

and  the  A-10  E-pulse  (dashed  line)  with  the  45 
response  of  the  big  F-15. 


Relative  amplitude 


Figure  15-  Convolution  of  the  big  F-15  E-pulse  (dashed  line) 

o 

and  the  A-10  E-pulse  (solid  line)  with  the  45 
response  of  the  A-10. 
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ability  to  differentiate  the  convolution  of  the  correct  E-pulse  with  a  measured 
target  waveform  from  the  myriad  of  other  convolutions.  As  the  number  of 
prospective  targets  becomes  large,  a  visual  inspection  of  the  convolved  outputs 
becomes  more  subjective,  and  eventually  impractical.  A  scheme  has  therefore  been 
devised  to  automate  the  discrimination  decision. 

Ideally,  if  the  E-pulse  convolutions  were  uncorrupted  by  noise,  the  energy 

ratio 

Tlu 

J*  c2(t)  dt 

E  s  Ik S -  (1) 

7. 

j  e2  ( t)  dt 


would  be  zero  only  for  the  correct  E-pulse.  Here  c(t)  is  the  convolution  of  the 
E-pulse  e(t)  with  the  measured  response,  T#  is  the  E-pulse  duration  and  Tr is 
the  earliest  time  at  which  the  unknown  target  convolution  is  CERTAIN  to  be  a 
series  of  natural  modes 


TLts-T.*2T,  (2) 

where  Tr  is  the  one-way  transit  time  of  the  largest  dimension  of  the  target 
corresponding  to  the  E-pulse.  (The  largest  dimension  must  be  used  if  the  target 
aspect  is  unknown.)  The  end  of  the  energy  window,  TLEE,  is  chosen  so  that  the 
window  width,  TEEE-TLES,  is  the  same  for  all  convolutions. 

Discrimination  among  all  eight  target  models  can  now  be  demonstrated  using 
the  energy  ratio  (1)  as  the  single  discriminant  factor.  Begin  by  assuming  the 
response  of  the  big  F-15  is  from  an  unknown  target.  To  show  that  successful 
discrimination  is  possible  regardless  of  target  aspect,  E-pulses  for  the  eight 
targets  have  been  convolved  with  the  responses  of  the  big  F-15  measured  at  five 
different  aspect  angles  from  0°  (nose-on)  to  90°  (broadside).  The  energy  ratio 
(1)  has  been  plotted  as  a  function  of  aspect  angle  in  Figure  16  for  each  expected 
target.  It  is  cbvious  that  for  all  aspects  tested  the  big  F-15  produces  the 
smallest  late-time  convolved  response,  with  a  minimum  10  dB  difference  in  late¬ 
time  energy.  Thus,  the  big  F-15  is  identified  from  among  all  the  possible 
targets  at  each  aspect  angle. 


28 


Relative  Late-time 


Ld 


Qri  C 
■^r’r’r’r  ^ 

-H-H-+  MB707 
x-xxx-x  BIB 
*★»**  SB707 
□E-HBFl  FI  8 
AiWATB747 
0W0SF15 
'j2rfWrA,£  A10 


— i  i  i  i  i  i  i — i — | — i — | — i — | — i — ] — i — , 

10  20  30  40  50  60  70  80  90 

Aspect  Angle  (Deg) 


Figure  16.  Late-tirae  energy  from  convolution  of  eight  target 

E-pulses  with  responses  of  big  F-15  measured  at 
various  aspect  angles. 


Finally,  discrimination  among  all  eight  targets  can  be  demonstrated  when 
any  of  the  eight  is  the  unknown  target.  Table  1  shows  the  energy  ratios  (1) 
obtained  by  assuming  that  each  target  is  in  turn  the  unknown  target  and 
convolving  the  E-pulses  for  each  of  the  eight  expected  targets  with  the  response 
of  the  unknown  target.  Here  the  target  responses  were  all  measured  at  45° 
aspect.  Accurate  discrimination  for  each  target  is  indicated  by  the  minimum 
energy  ratio  being  due  to  the  E-pulse  of  the  unknown  target.  For  example,  the 
convolution  of  the  F-18  E-pulse  with  the  F-18  response  produces  a  late-time 
energy  29.8  dB  below  that  produced  by  the  convolution  of  the  medium  707  E-pulse 
with  the  F-18  response,  and  15.3  dB  below  that  produced  by  the  convolution  of  the 
B-l  bomber  E-pulse  with  the  F-18  response. 
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E- Pulse 

Target 

Response 

~BF15 

MB707 

BIB 

SB707 

F18 

TB747 

SF15 

A- 10 

BF15 

-25.7  dB 

-11.8 

-11.0 

-  6.9 

-  8.5 

-  0.8 

-  3.1 

0 

MB707 

-20.0 

-32.0 

-16.9 

-  9.1 

-  9.6 

-  3.3 

-  4.8 

0 

BIB 

-11.2 

0 

-23.4 

-  7.7 

-  7.0 

-  4.5 

-3.1 

1.3 

SB707 

-16.7 

-  0.8 

-20.1 

-25.1 

-  8.0 

0 

-  2.5 

3.8 

F18 

-  7.1 

0 

-14.5 

-  2.6 

-29.8 

-11.8 

-  1.9 

4 . 6 

TB747 

-10.5 

-  0.1 

-  5.0 

0 

-  6.0 

-21.5 

-  3.0 

1.5 

SF15 

-4.5 

-  1.7 

-  6.2 

-  4.3 

-  5.5 

-  2.2 

-11.4 

0 

A- 10 

-9.2 

-2.9 

-  0.8 

0 

-  4.9 

-10.9 

-  6.8 

17.5 

Table  1. 

Late- time 
responses 

energy  in  the  convolutions  of 
of  various  targets  at  45*  aspects 

various 

E-pulses  with 
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5.  Noise-insensitivity  of  the  E/S  pulse  scheme. 

For  the  purpose  of  demonstrating  that  the  E/S/  pulse  scheme  is  also 
noise- Insensitive,  in  addition  to  being  aspect- independent,  the  folloving 
experimental  results  are  presented. 

To  prove  the  noise  insensitivity  of  our  scheme,  we  have  created  very 
noisy  radar  responses  of  complex  targets  by  intentionally  adding  a  large 
random  noise  to  the  measured  radar  responses  of  the  targets.  These  noisy 
responses  were  then  used  to  convolve  with  the  discriminant  signals,  the  E- 
pulse  and  the  S-pulses  of  the  targets.  Ve  have  found  that  the  discriminant 
signals  f  the  targets  are  very  powerful  and  effective  in  rejecting  a  large 
random  noise  and  are  capable  of  discriminating  between  the  right  and  the  wrong 
targets  from  their  very  noisy  radar  responses.  The  following  figures  will 
demonstrate  this  finding. 

Figure  17  shows  the  pulse  response  of  B707  model  measured  at  90° 
aspect  angle  without  an  extra  random  noise  added.  Figure  18  is  the  convolved 
output  of  the  pulse  response  of  Fig.  17  with  the  E-pulse  of  B70?  model.  As 
expected,  a  very  small  output  was  obtained  in  the  late- time  period  of  the 
convolved  output.  This  Indicates  that  the  pulse  response  of  Fig.  17  came  from 
the  right  target  of  B707  model.  Next,  a  very  noisy  pulse  response  was  created 
by  intentionally  adding  a  large  random  noise  (created  by  a  computer)  to  the 
measured  pulse  response  of  B707  model  shown  in  Fig.  17.  This  random  noise 
amounted  to  30%  of  the  maximum  amplitude  of  the  measured  response  of  Fig.  17. 
It  is  noted  that  the  added  random  noise  has  a  flat  wide  frequency  spectrum  and 
it  can  not  be  simply  filtered  out  by  a  low-pass  filter.  The  created  noisy 
pulse  response  is  shown  in  Fig.  19.  When  this  noisy  pulse  response  of  Fig.  19 
was  convolved  with  the  E-pulse  of  B707  model,  a  very  satisfactory  convolved 
output  was  obtained,  as  shown  in  Fig.  20.  This  convolved  output  resembles 
that  of  Fig.  18;  the  early-time  response  stayed  nearly  unchanges  and,  more 
importantly,  the  late-time  response  still  remained  small.  This  indicates  that 
the  E-pulse  of  B707  model  was  capable  of  identifying  the  noisy  pulse  response 
of  Fig.  19  belonged  to  B707  model.  Next,  we  tried  to  discriminate  a  wrong 
target,  a  F-18  model,  with  the  E-pulse  of  B707  model  using  noisy  pulse 
responses  of  the  wrong  target.  Figure  21  is  the  pulse  response  of  F-18  model 
measured  at  90*  aspect  angle  without  a  random  noise  added.  Vhen  the  response 
of  Fig.  21  was  convolved  with  the  E-pulse  of  B707,  the  convolved  output  is 
shown  in  Fig.  22.  In  Fig.  22,  it  is  seen  that  a  large  late-time  response  was 
obtained.  This  indicates  that  the  response  of  Fig.  21  came  from  a  wrong  target 
other  than  B707  model.  Next,  a  very  noisy  pulse  response  of  F-18  model  was 
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Floure  Pulse  response  of  8707  model  measured  ot  90°  aspect  anole  without  an  extra 
noise  added. 


25  0-. 


time  in  (ns) 

Figure  18  Convolved  outout  of  the  E-o«ise  of  8707  model  with  the  oulse  response  of  8707 
model  measured  at  90°  aspect  witnout  an  extra  noise  added.  A  very  smoii  late- 
tl me  resobnse  was  oo tamed. 
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Pulse  response  of  B707  model  measured  ot  90°  aspect  onnie  with  on  extra  random 
noise  <30Z  of  the  maximum  waveform  amolltude)  added. 


Fldure  20  Convolved  outnut  of  tne  E-oulse  of  B707  model  with  tne  pulse  response  of  B707 
model  measured  at  90°  asoect  angle  wltn  on  extro  random  noise  (301  moxtmun 
amolltude)  added.  The  I  ate- time  response  wos  still  very  small. 
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Pulse  resnonse  of  F- 18  model  measured  at  00°  asnect  angle  without  on  extra 
noise  aaded. 
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Figure  22  Convolved  outnut  of  the  E-oulse  of  B707  model  with  the  nulse  resnonse  of  F-18 
model  measured  ot  90°  osnect  angle  without  on  extro  noise  added.  A  ,orge  late 
time  response  uas  ootomed. 


created  by  intentionally  adding  a  large  random  noise,  30%  of  the  maximum 
amplitude  of  the  response  of  Fig.  21,  to  the  measured  response  of  Fig.  21. 

This  noisy  pulse  response  of  F-18  model  is  shown  in  Fig.  23.  The  noisy  pulse 
response  of  Fig.  23  vas  then  used  to  convolve  with  the  E-pulse  of  B707,  and 
the  convolved  output  is  shown  in  Fig.  24.  The  convolved  output  of  Fig.  24.  as 
compared  with  the  result  of  Fig.  22,  shows  a  relatively  unchanged  early-time 
response  followed  by  a  still  large  and  some-what  noisy  late-time  response. 

This  large  late-time  response  is  sufficient  to  indicate  that  the  noisy  pulse 
response  of  Fig.  23  belonged  to  a  wrong  target  other  than  B707  model. 

tfe  have  also  convolved  noisy  pulse  responses  of  complex  targets  with 
the  S-pulses  of  the  targets.  Similar  results  as  those  described  in  Figs.  17 
to  24  were  obtained;  the  S-pulses  of  a  complex  target  are  capable  of 
discriminating  between  the  right  target  and  wrong  targets  based  on  very  noisy 
pulse  responses  of  the  targets. 

Based  on  this  study,  we  can  conclude  that  our  target  discrimination 
scheme  of  using  the  E-pulse  and  the  S-pulses  of  the  target  is  very  noise 
insensitive. 
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Figure  23  Pulse  response  of  F - 1 3  model  measured  at  90°  aspect  angle  with  an  extra  ranaom 
noise  ( 301  of  tne  maximua  waveform  amplitude)  added. 


Figure  24 


Convolved  output  of  tne  E-oulse  of  0707  model  with  the  "ulse  response  of  F-IS 
model  measured  at  90°  aspect  angle  *tth  on  extra  random  noise  i30I  moxinun 
anl i tudel  added,  fne  late-tlne  response  remained  large. 
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6.  Discrimination  of  helicopters  with  the  E/S  pulse  scheme. 

The  successful  discrimination  of  helicopters  is  complicated  by  the 
rapid  motion  of  the  rotor  blades.  During  the  measurement  of  a  transient 
response  of  a  helicopter,  the  blades  are  caught  in  different  positions 
during  different  pulse  transits  with  the  precise  blade  location  unknown.  If 
the  dominant  natural  frequencies  of  the  helicopter  depend  heavily  on 
coupling  between  the  blades  and  the  fuselage,  and  thus  upon  blade  position, 
accurate  discrimination  will  depend  on  an  unlikely  fortuitous  measurement. 

Preliminary  experiments  have  been  conducted  using  a  crude  helicopter 
model  which  suggests  that  coupling  between  the  rotors  and  the  fuselage  is 
minimal.  Thus,  discrimination  between  disimilar  helicopters  is  possible 
regardless  of  the  rotors'  positions  at  the  times  of  interrogation. 

The  helicopter  model  is  constructed  using  a  12"  length  of  4"  diameter 
aluminum  cylinder  for  the  fuselage,  and  two  sets  of  perpendicular  blades  of 
lengths  12"  and  16"  attached  to  the  cylinder  by  a  perpendicular  post. 
Discrimination  between  the  helicopter  with  12"  blades  and  the  helicopter 
with  16"  blades  has  been  accomplished  with  the  blades  in  two  different 
positions.  In  the  first  position,  the  blades  are  mutually  perpendicular, 
with  one  blade  parallel  to  the  fuselage.  In  the  second  position,  the  blades 
are  still  mutually  perpendicular,  but  are  rotated  so  that  each  makes  a  45® 
angle  with  the  fuselage. 

Measurements  have  been  made  both  within  the  free-field  chamber 
(simulating  a  helicopter  flying  in  air)  and  on  the  ground  plane  range 
(simulating  a  helicopter  hovering  above  the  ground). 

Results  from  the  ground  plane  range  are  shown  in  Figures  25  to  28,  with 
the  helicopter  being  illuminated  at  broadside  (90®  aspect  angle).  In  Figure 
25,  the  energy  plots  (time  domain)  are  calculated  from  the  convolution  of 
the  response  of  the  45°  oriented  short-blade  helicopter  (H90D45S)  with  the 
E-pulses  constructed  for  the  0®  oriented  (parallel  to  fuselage)  short  blade 
helicopter  (EPHDOS) ,  the  45°  oriented  short-blade  helicopter  (EPHD45S) ,  the 
0®  oriented,  long-blade  helicopter  (EPHDOL) ,  and  the  45°  oriented  long-blade 
helicopter  (EPHD45L).  As  expected,  the  convolution  of  the  45°  short-blade 
E-pulse  with  the  45°  short-blade  response  gives  the  smallest  late- time 
energy  (most  dB  down).  However,  convolution  of  the  0°  oriented  E-pulse  with 
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Fig.  25.  Late-time  energy  from  convolution  of  45°  oriented 
short-blade  helicopter  response  and  E-pulses  for 
long  and  short-blade  helicopters. 
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Fig.  26.  Late-time  energy  from  convolution  of  0°  oriented 
short-blade  helicopter  response  and  E-pulses  for 
long  and  short-blade  helicopters. 
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Fig.  27.  Late-time  energy  from  convolution  of  45°  oriented 
long-blade  helicopter  response  and  E-pulses  for 
long  and  short-blade  helicopters. 


Target  Number 


Fig.  28.  Late-time  energy  from  convolution  of  0°  oriented  long-blade 
helicopter  response  and  E-pulses  for  long  and  short-blade 
helicopters. 
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the  45°  short-blade  response  also  gives  small  energy,  while  convolution  with 
the  two  long-blade  E-pulses  gives  much  larger  energy. 

Similar  results  are  shown  in  Fig.  26  where  the  response  of  the  0° 
short-blade  helicopter  is  convolved  with  all  four  E-pulses.  Thus,  it  is 
possible  to  discriminate  the  long-blade  helicopter  from  the  short-blade 
helicopter  regardless  of  the  blade  orientation  with  respect  to  the  fuselage. 

This  conclusion  is  enhanced  by  the  results  shown  in  Figures  27  and  28 
which  show  the  convolutions  of  the  long-blade  helicopter  responses  with  all 
four  E-pulses.  Here,  the  long-blade  E-pulses  produce  little  late- time 
energy  when  convolved  with  long-blade  responses,  but  the  short-blade  E- 
pulses  produce  large  late -time  energy  when  convolved  with  long-blade 
responses.  This  occurs  regardless  of  blade  orientation. 

Figures  29-33  show  results  obtained  from  measurements  performed  using 
the  free -field  range.  In  this  case,  an  experiment  was  performed  to 
determine  if  the  aspect  angle  of  the  helicopter  would  affect  the 
discrimination  performance.  In  this  sequence  of  plots,  the  response  of  a  0° 
oriented  long-blade  helicopter  (HOWCL)  measured  at  five  aspect  angles  (0°- 
90°)  is  convolved  with  E-pulses  constructed  for  a  0°  oriented  short-blade 
helicopter  (HOWCS),  a  45°  oriented  short-blade  helicopter  (H45WCS) ,  a  0° 
oriented  long-blade  helicopter  (HOWCL) ,  and  a  45°  oriented  long-blade 
helicopter  (H45WCL) ,  and  the  late-time  energy  calculated.  It  is  seen  that 
regardless  of  the  target  aspect  angle,  both  the  0°  oriented  and  45°  oriented 
long-blade  helicopters  are  easily  discriminated  from  the  0°  oriented  and  45° 
oriented  short-blade  helicopters. 
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Fig.  29.  Late-time  energy  from  convolution  of  0°  oriented 
long-blade  helicopter  response  measured  at  0° 
aspect  and  E-pulses  for  long  and  short-blade 
helicopters. 
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Fig.  30.  Late-time  energy  from  convolution  of  0°  oriented 
long-blade  helicopter  response  measured  at  22.5° 
aspect  and  E-pulses  for  long  and  short-blade  helicopters. 
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Late-time  energy  from  convolution  of  0°  oriented 
long-blade  helicopter  response  measured  at  45° 
aspect  and  E-pulses  for  long  and  short-blade  helicopt 
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Fig*  32.  Late-time  energy  from  convolution  of  0°  oriented 
long-blade  helicopter  response  measured  at  67.5° 
aspect  and  E-pulses  for  long  and  short-blade 
helicopters. 
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Fig.  33.  Late-time  energy  from  convolution  of  0°  oriented 
long-blade  helicopter  response  measured  at  90° 
aspect  and  E-pulses  for  long  and  short-blade  helicopters. 
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7.  Detection  and  identification  of  low  observable  targets. 


In  the  course  of  our  research,  it  was  observed  that  the  E/S  pulse 
technique  can  be  utilized  to  detect  a  low  observable  target  and  also  to 
identify  the  target  even  though  it  is  covered  by  a  lossy  material  which 
absorbs  microwave  radar  signal.  The  reason  for  this  unique  capability  is 
that  the  E/S  pulse  technique  uses  an  interrogating  EM  pulse  which  excites 
low  order  natural  resonant  modes  of  the  target.  These  natural  modes  are  due 
to  the  oscillation  of  free  electrons  in  the  target's  main  structures  such  as 
the  wing  and  the  fusilage,  and  these  oscillations  are  not  significantly 
affected  by  the  coating  of  lossy  material  on  the  target. 

To  show  that  the  E/S  pulse  technique  can  be  used  to  detect  a  low 
observable  target,  the  pulse  response  of  a  4"  x  12"  aluminum  plate  (a 
simulated  wing  structure)  and  that  of  the  same  plate  covered  by  a  one  half 
inch  thick  layer  of  microwave  absorber  were  measured  at  various  aspect 
angles.  The  measured  responses  at  the  normal  incidence  are  shown  in  Figs. 

J4  and  35.  It  Is  observed  that  the  oulse  response  of  the  lossy  coated  plate 
is  somewhat  lower  in  magnitude  and  quite  different  in  waveform  when  compared 
with  that  of  the  uncoated  plate.  The  fact  that  a  lossy  coated  plate  still 
give  a  significant  return  to  an  interrogating  EM  pulse  will  make  the 
detection  of  a  low  observable  target  possible  with  the  E/S  pulse  technique. 
Furthermore,  we  will  show  that  the  lossy  coated  plate  can  be  discriminated 
from  other  plates  of  different  dimensions  based  on  its  late-time  pulse 
response  using  the  E/S  pulse  scheme. 

We  have  attempted  to  discriminate  a  6"  x  15"  plate  from  the  lossy 
coated  4"  x  12"  plate,  assuming  information  is  only  available  for  the  4"  x 
12"  plate  without  loss.  Figure  36  shows  the  convolved  response  of  the  6"  x 
15"  plate  E-pulse  with  the  response  of  the  coated  4"  x  12"  plate.  As 
expected,  the  late-time  portion  of  the  convolved  response  exhibits  a  large 
amplitude.  In  contrast.  Figure  37  shows  the  convolved  response  of  the  E- 
pulse  synthesized  for  the  UNCOATED  4"  x  12"  plate  with  the  measured  response 
of  the  COATED  4"  x  12"  plate.  The  small  amplitude  of  the  late-time 
component  demonstrates  that  the  coating  has  little  effect  on  the  pulse 
discrimination.  Lastly,  Figure  38  shows  the  convolution  of  the  E-pulse  for 
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Figure  36.  Output  of  the  Convolution  Between  the  E-Pulse  Syn¬ 

thesized  for  Conducting  Plate  (6"  x  15”)  and  Radar 
Response  from  the  Conducting  Plate  (4"  x  12")  Covered 
with  A  Lossy  Layer 
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Figure  37.  Output  of  the  Convolution  Between  the  E- Pulse  Syn¬ 

thesized  for  Conducting  Plate  (4"  x  12")  and  Radar 
Response  from  the  Same  Conducting  Plate  (4"  x  12") 
Covered  with  A  Lossy  Layer 


Relative  Amplitude 
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Figure  38.  Output  of  the  Convolution  Between  the  E-Pulse  Syn¬ 

thesized  for  Conducting  Plate  (4"  x  12")  and  Radar 
Response  from  the  Conducting  Plate  (6"  x  15") 
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the  uncoated-4"  x  12"  plate  with  the  response  of  the  6"  x  15"  plate.  Here 
the  late- time  portion  has  a  large  amplitude.  Similar  results  have  been 
obtained  using  waveforms  measured  at  end-on  and  oblique  incidence. 

The  implication  of  these  results  is  that  discrimination  between  radar 
targets  using  E-pulses  is  possible  even  if  the  targets  are  coated  by  lossy 
material,  but  information  is  available  only  for  the  uncoated  targets.  The 
reason  for  this  is  that  E-pulse  waveforms  are  based  entirely  on  the  natural 
frequencies  of  the  targets,  and  the  natural  frequencies  of  resonance  region 
are  not  perturbed  greatly  by  addition  of  the  lossy  layer;  the  imaginary 
parts  of  the  natural  frequencies  are  determined  primarily  by  the  geometry  of 
the  underlying  conducting  plate.  It  is  interesting  to  note  that  although 
the  measured  waveforms  of  the  4"  x  12"  plate  and  the  4"  x  12"  coated  plate 
(Figures  34  and  35)  are  quite  different,  the  natural  frequencies  contained 
in  each  are  nearly  identical.  Thus,  the  presence  of  the  lossy  layer  serves 
mostly  to  perturb  the  amplitudes  and  phases  of  the  natural  modes.  An 
obvious  scenario  is  as  follows.  The  natural  frequencies  of  a  group  of 
aircraft  are  determined  by  a  scale  model  measurements,  and  a  set  of  E-pulses 
constructed.  However,  in  acturality,  each  of  the  aircraft  is  operated 
carrying  an  additional  coating  of  lossy  material,  for  the  purpose  of 
thwarting  high  frequency  radar.  Since  the  E-pulse  technique  is  based  on 
resonance  region  frequencies,  the  presence  of  the  coating  does  not  affect 
the  ability  to  accurately  discriminate  the  targets  in  practical  situations. 

These  preliminary  results  tend  to  indicate  that  a  pulsed  radar  or  an 
ultrawideband  radar  operated  on  the  E/S  pulse  scheme  has  good  potentiality 
of  detecting  and  identifying  low  observable  targets  such  as  Stealths  if  more 
research  is  conducted  on  this  effort. 
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8.  Effect  of_aspect  variation  on  multi-pulse  coherent  processing. 

For  multi-pulse  coherent  processing,  it  is  important  to  know  the  effect  of 
aspect  angle  changes  on  the  modal  amplitudes  of  typical  target  modes.  If 
the  changes  are  severe,  then  pulse- to-pulse  coherent  processing  would  not  be 
practical. 

To  get  a  feeling  for  the  possible  range  of  aspect  changes  in  a 
realistic  situation,  consider  a  missile  travelling  at  Mach  5  (1650  m/s) 
perpendicular  to  the  radar  line  of  sight,  at  a  range  of  10  km.  If  the  pulse 
repetition  rate  is  10  kHz,  then  the  missile  will  travel  a  distance  of  165  m 
during  a  1000  pulse  interrogation.  This  corresponds  to  an  aspect  angle 
change  of  about  tan"  (165/10000)  -  0.9°.  It  is  anticipated  that  a  change 
of  aspect  of  less  than  a  degree  will  produce  an  unimportant  change  in  the 
amplitudes  of  the  dominant  natural  modes . 

An  experimental  verification  of  this  prediction  has  been  performed 
using  the  free -field  target  range.  The  response  of  a  detailed  model  of  an 
F-15  fighter  aircraft  (18”  fuselage  length)  has  been  measured  at  angles  of 
0°,  5°,  10°,  and  15°  from  head-on  (a  much  larger  range  of  aspect  angles  than 
anticipated  above) .  The  total  responses  are  shown  in  Figure  39  while  the 
late -time  portions  of  these  resp  ■ ies  are  shown  in  Fig.  40.  It  is  apparent 
from  the  late -time  plots  that  the  modal  amplitudes  change  relatively  little 
over  this  range  of  aspects,  and  thus  the  responses  should  add 
constructively. 

Evidence  for  the  coherence  of  the  different  aspect  angle  waveforms  is 
given  in  Figure  40  which  shows  the  sum  of  the  individual  waveforms.  All  the 
waveforms  add  in  phase,  as  the  resulting  signal  has  approximately  four  times 
the  amplitude  of  a  single  waveform. 

Additional  evidence  for  the  coherence  of  the  four  waveforms  is  obtained 
by  extracting  the  dominant  modal  frequencies  and  examining  the  energy  in 
each  individual  mode  as  a  function  of  aspect  angle.  Table  2  shows  the 
natural  frequencies  of  the  first  two  modes  of  the  F-15  extracted  from  the 
measured  waveforms,  as  well  as  the  modal  energies.  It  is  seen  that  the 
energy  is  nearly  constant  with  aspect.  Also  shown  in  Table  2  are  the 
frequencies  and  energy  obtained  from  the  sum  of  the  waveforms.  The  energy 
in  each  of  the  modes  of  the  sum  is  about  16  times  as  large  as  the  energy  in 
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Figure  39.  Measured  responses  of  big  F-15  at  four  aspect  angles, 
and  sum  of  responses. 
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each  individual  waveform,  again  indicating  that  the  signals  have  added 
constructively. 


Table  2 

Modes  extracted 
aspects 

from  measured 

response  of  big  F-15 

at  various 

Aspect 

Mode 

Damping 

Radian 

Modal 

Ahgle 

Number 

Coeff icient 

Freauencv 

Enerpv 

0° 

1 

-0.261 

3.91 

3.66 

2 

0.072 

5.69 

0.096 

5° 

1 

-0.290 

3.91 

3.60 

2 

0.056 

5.80 

0.144 

O 

O 

rH 

1 

-0.356 

3.93 

3.79 

2 

0.071 

5.69 

0.096 

15° 

1 

-0.433 

3.99 

4.37 

2 ' 

0.133 

5.77 

0.097 

SUM 

1 

-0.330 

3.93 

60.79 

2 

0.039 

5.73 

2.02 
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9.  Discrimination  of  multiple  targets  in  the  same  range  cell. 

Discrimination  of  individual  targets  using  the  E-pulse  technique  has 
been  effectively  demonstrated  both  in  a  free  space  environment  and  on  a 
ground  plane.  A  more  complicated  problem  is  performing  discrimination  when 
multiple  targets  are  present. 

Many  target  configurations  are  possible,  including  identical  or 
disimilar  targets  in  or  out  of  the  same  range  cell.  If  identical  targets 
are  located  within  the  same  range  cell,  it  is  anticipated  that  the  E-pulse 
for  a  single  target  will  remain  effective.  This  assumes  that  mutual 
coupling  of  the  targets  will  produce  a  negligible  shift  in  target  natural 
resonance  frequencies,  and  must  be  demonstrated  experimentally. 

An  experiment  using  the  free-field  range  has  been  conducted  to  test 
discrimination  of  multiple  groups  of  identical  targets.  Measurements  were 
made  of  a  single  11  cm  (fuselage  length)  Boeing  747  and  a  single  15  cm 
(fuselage  length)  Boeing  747.  Measurements  were  also  made  of  two  11  cm 
747 's  in  the  same  range  cell,  separated  by  10  cm,  20  cm,  40  cm,  and  60  cm. 

An  E-pulse  was  then  constructed  for  the  single  11  cm  747,  and  convolved  with 
each  of  the  measured  waveforms.  The  discrimination  ratios,  calculated  using 
(1)  and  (2),  are  shown  in  Figure  41.  It  can  be  seen  that  the  single  11  cm 
747  is  easily  discriminated  from  the  single  15  cm  747  (the  energy  ratio  of 
the  correct  11  cm  747  is  the  smallest- -the  most  dB  down).  It  can  also  be 
seen  that  the  set  of  two  11  cm  747' s  are  easily  discriminated  from  the 
single  15  cm  747  using  the  E-pulse  for  the  single  11  cm  747.  Note  that  as 
the  targets  are  brought  closer  together,  the  discrimination  level  lessens, 
but  still  remains  high. 
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Figure  41.  Energy  ratios  for  convolutions  of  single  11  cm  Boeing 
747  E-pulse  with  responses  of  single  and  multiple 
target  configurations. 


10.  Power  Requirement  for  a  Pulsed  Radar  System 


It  is  essential  to  know  how  much  power  needs  to  be  transmitted  in  order 
to  have  the  signal  above  the  noise  level  in  the  late-time  of  the  scattered 
field.  This  is  very  important  for  the  E/S-pulse  discrimination  technique 
since  it  uses  the  late-time  of  the  returned  signal  of  a  target.  A  simple 
analysis  is  done  for  a  thin  cylinder  illuminated  by  an  arbitrary  time- 
dependent  spherical  wavefront  at  oblique  incidence.  From  this  analysis,  a 
rough  estimate  will  be  made  as  to  how  much  power  must  be  transmitted  in 
order  to  keep  the  late- time  signal  above  the  noise  level.  Figure  42  is  a 
geometrical  configuration  of  a  thin  cylinder  illuminated  by  the  impressed 

field  E1(r,s)  and  the  cylinder,  in  turn,  maintained  the  scattered  field 

Es(r,s'>  . 

Assume  an  incident  electric  field  with  an  arbitrary  time -dependent 
spherical  wavefront  propagating  in  the  u  direction  makes  an  angle  6  with 
cylinder  axis  having  the  following  expression: 


E^r.t) 


where  r  is  the  distance  between  the  antenna  and  the  target,  rQ  is  the 

distance  between  the  antenna  phase  center  and  an  antenna  aperture,  u  -  zcosff 
and  P(t)  is  the  time -dependent  function  describing  the  incident  electric 
field  which  has  an  amplitude  of  Eq  at  antenna  aperture. 

In  transform  domain  the  incident  field  is: 
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The  general  electric  field  integral  equation  (EFIE)  for  the  transform 

Induced  current  K(r,s)  excited  on  a  surface  of  an  arbitrary  perfectly 
conducting  body  is: 
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for  all  r  in  the  space  S,  and  R  -  |r  -  r'|  is  the  distance  between  source 
and  field  points  on  the  body  surface.  Specializing  the  EF1E  to  a  thin 
cylinder  gives: 


K(z ,z' , s)dz' 


e  sE^(z,s)  , 
0  z 


where : 


E 


i 

z 


(z,s) 


r  Enp ( s ) 

o  o _ 


sintfe 


-  szcost 
c 


sr 

c 


-  sR 

C  1  o 

K(z,z',s)  -  77^ '•  with  R  -  7( z-z')  +  a  . 

Rewriting  the  EFIE  in  SEM  notation  gives: 

I(z' ,s)r(ztz' ,s)dz'  -  -  «osE^(z,s)  -  for  0<z<L 


with  r(z,z' ,s)  - 


'd. 

dz 2 


21 


-  sR 
c 

a 

4*R  ' 


The  SEM  solution  for  the  induced  current,  I(z,s),  for  the  excitation 

E1  (z,s)  is: 
z 


l(z,s) 


N 

2  rj  (s)v  (z)  (s 


s  i'1  +  W(z , s)  . 


The  first  term  of  I(z,s)  is  the  SEM  expansion  due  to  first  order  simple  pole 
singularities  while  the  other  terms  are  due  to  complex  singularities  such  as 
higher  order  poles,  branch  points,  essential  singularities,  and  an  entire 
function.  It  is  important  to  note  that  the  coupling  coefficients  are 

dependent  on  the  incident  field  illumination. 

The  natural  mode  current  distribution  »/q(z)  which  can  exist  at  complex 

frequencies  s  -  s^  when  the  impressed  field  vanishes,  E^(z,s)  -  0,  is 
defined  through: 

fL  v  (z')r(z.z' ,s  )dz'  -  0. 

Jo  a  a 


S(z.s^)  -  -  eQs^(z  ,s^)  and, 

Tip  ”  JT  77  r(z'z' 

as  s-s . 


An  important  assumption  made  in  obtaining  the  coupling  coefficient  is 
that  W(z,s)  has  no  simple  pole  or  higher  order  poles  at  s  -  s^.  The 

coupling  coefficients  are  categorized  into  two  types,  class-1,  which  is  best 
suited  for  late-time  calculations,  and  class-2,  which  is  best  suited  for 
early-time  calculations.  Since  E/S-pulse  discrimination  uses  the  late- time 


scattered  field  component,  attention  is  given  to  the  class -1  coupling 
coefficients . 

Assume  the  modal  current  distribution,  i/q(z),  can  be  approximated  as  a 
sinusoid  with  an  amplitude  aQ  defined  as: 


then 


T  rL  rL  .  faTTzl  . 

-  [Vo  sinprJsinnn 


(z , z ' , s  )dzdz ' 

la  a 


-1 


r  E  P(s) 

n  (s)  sb  -  aes  -  smfl  e 

a  a  o  r 


sr 

c 


sin< 


anz 


-  szcosf 
c 


)e 


dz . 


To  calculate  the  impulse  response  of  the  thin  cylinder,  the  EQP(t) 

function  is  chosen  as  a  delta  function  with  a  Laplace  Transform  of  1. 
Simply  substituting  this  into  the  above  equations  gives  the  following 
results . 

After  going  through  several  approximations  the  amplitude  of  the  ath 
current  distribution  is  found  to  be: 


2 

a 

a 


Unc 

s  L 
a 


2  in  (i> 


while  the  coupling  coefficient  is: 


sr  a  e  s  sin0  e  ~  I 

o  a  o  c  i 

'  > 

an 

-  sL  cos& 

c  i 

Vs'  “ 

r 

(s/c  cosfl)^  +  ^  I 

L 

.  4 

e  -  1 

Combining  these  results  gives: 


»  -1 
I(z,s)  ~  2  a  rj  (s)(s  -  s  )  sin 

-  a  a  a 

a- 1 


anz 


V  L  , 
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and 


-  for  class-2 

while  for  class- 1,  an  -  a  n  (s  s  ). 

a  a  a  a  a 

Once  the  induced  current  on  the  thin  cylinder  is  known,  the  scattered 
field  maintained  by  this  current  in  the  far  zone  can  be  calculated.  The 

—¥ 

scattered  field  maintained  by  general  current  J(r,t)  is  given  by: 


ES(r,t)  -  -  VS>s(?,t)  -  “AS(?,t), 


where  $s  and  AS  are  scalar  and  vector  potentials  maintained  by  the  induced 
current,  and  they  are  defined  in  the  Laplace  transform  domain  as: 


$s(r,s) 


-  sR 


1 

Une 

o 


Jv  P(r' .s) 


c 
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Using  the  continuity  equation  V*?(r,s)  -  -sp(r,s),  and  using  the 

A 

approximation  for  distance  R  =  r,  and  for  phase  R  =  r  -  r*r',  the  scattered 
field  is  simplified  to: 


ES(r,s) 


-  sr 


r  x 


r  x  Jv  J (r ' ,s) 


In  the  thin  cylinder  case  J(r's)  is  z  I(z ' , s)S (x' ) 5 (y ' ) ,  while 

A  A  ^ 

r'  -  z'z,  r*r'  -  z'cosip,  where  is  shown  in  Fig.  42. 

The  backscattered  field  is  given  when  V>  -  ?r  -  8  : 


As  we  can  clearly  see  that  the  scattered  field  depends  on  the  class -1 
or  class-2  coefficients  and  they  both  depend  on  the  aspect  of  incident 
wavefront . 

Since  the  back  scattered  field  was  calculated  for  an  impulsive 
incident  field,  the  system  transfer  function  in  the  Laplace  transform  domain 
can  be  easily  evaluated: 
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with  -  -  rQLsin^^/r^7T^  [21n(^)  -  1],  and  T  -  Lcos0/c  is  the  one  way 

transit-time  delay  parameter  depending  on  the  aspect  of  incidence. 

To  get  the  expressions  in  the  time  domain  simply  do  the  inverse  Laplac 
transform,  and  the  scattered  field  for  any  incident  wavefront  can  be 
obtained  by  the  convolution. 

The  transfer  function  can  be  manipulated  into  the  form  below: 


-  2sr 


H(0,c)  -  Kxe 


N 

S  H  (fi.s), 

i  Q 

a— 1 


a  2 

and  H  ( 8  ,  s )  -  -r~  ~~  r 

2  (s-s  ) 

as  a 


i  -  f-i^VsT 


(s2+\) 


.  .  V  LX  A 

,  with  a  -  — 


an 

T 


The  impulse  response  h(0,t)  is  simply  obtained  as: 


h(0,t)  -  L'1{H(5,s)} 


N 

-  K..  Z  h  (0,r),  where  r  -  t 

1  i  Q 

Q-l 


2r 
c ' 


After  significant  effort  ha(0,r)  is  found  to  be: 


V*-r)  "  w 


s  r  s  (r-T)  s  (r-2T) 

u(r)e  a  -  2(-l)Qu(r  -  T)e  a  +  u(t  -  2T)e  Q 


[B^Cs^JffCr)  -  ca(sQ)f2(r) ]sin(ar) 


[Da(sQ)f1(r)  -  EQ(sQ)f2(r) ]cos(ar) , 


with : 


f^r)  -  u(r)  -  2u( r  -  T)  +  u(r  -  2T) 
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f 2 (r )  -  ru(r )  -  2(r  T)2u(r  -  T)  V  (r  -  2T)u(r  -  2T) 


u(r)  is  a  unit  step  function. 


A  (s  ) 
a  a 


2.2  2.2’ 

a  (s  +  a  ) 
a  c 
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a  a 
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2  2  2 
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D(s) 
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2,2  2.2’ 

a  (s  +  a  ) 
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E  (s  ) 
a  a 


2  2  2 

2a  (sZ  +  a  ) 
a  c 


Considering  only  the  late -time,  the  contribution  by  f^(t)  and  f2(t) 
vanishes.  The  impulse  response  in  the  late -time  then  becomes: 


s  r[  -  s  T]  2 

h  (<?,r)  -  A  (s  )e  Q  1  -  (-l)ae  “ 
a  a  a 


when  r  >  2T. 


If  a  rectangular  pulse  of  width  with  unit  amplitude  is  chosen  as  the 

-♦s 

incident  field  EoP(t),  then  the  backscattered  field  is  obtained  by  the 
convolution  as: 


2-s 

r*E{|<Tf*)  -  6 


N  s  r 

Ql  2  Q2(sQ)e  Q 
a-1  L 


-s  T  2  -s  T 

1  /I  ®  i  Of  P 

1  -  (-1)  e  1  -  e  r 


where 
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r  Lsin^tf 


'12  L 

*  [21n(^)  -  11 

a 


2.2  2.2' 
a  (sa  +  ac) 


The  complex  natural  frequencies  are  always  in  complex  conjugate  pairs, 

“V 

so  to  get  the  total  backscattered  field,  contribution  due  to  s  =  s”  is  added 
with  the  contribution  of  s  -  s  .  The  contribution  by  s  -  sq  is  simply 
evaluated  by  substituting  s^  wherever  sq  exists.  An  important  observation 

'Jc 

is  that  the  coefficient  (^(s^)  a  ratio  of  polynomials  in  s  with  real 

coefficients.  Therefore  (^(s^)  “  ^2^Sq^’  so  ^ac^scattered  field  can  be 
simplified  to: 


2~*s 

r  E J(r.tf) 


Q1  &a<r)  -  Sa<'  *  Tp>  *  2(-D  -  T> 

a-1  I 


+  2(-l)  ga(r  -  T  -  Tp)  +  ga(r  -  2T)  -  g Q(r  -  2T  -  Tp) k  (1) 


and  g  (r)  -  2e  [Real(Q„(s  ))cosw  r  -  Im(Q0(s  ))sinw  r],  with  s  =  a  + 
°q  2  a  a  v  a  a  J  a  a 


~*s 

The  quantity  given  in  eq.  (1)  is  the  backscattered  electric  field  at 

the  receiving  antenna  maintained  by  a  thin  wire  target  which  is  excited  by  a 
rectangular  electric  field  pulse  having  a  duration  of  T  . 

In  summary,  when  illuminated  by  an  incident  electric  field  pulse  of: 


-  C  f  Eop(r  ■  *f). 
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the  backscattered  electric  field  maintained  by  a  wire  target  at  the 
receiving  antenna  can  be  expressed  as: 

.  E 

E^(r,0)  -  8  £(r,8)  where  r  -  t  -  2R/c, 


and 


N 

f (r,8)  -  Q,  2 
1  a-1 


g  (r)  -  g  (r  -  T  )  -  2(-l)  g  (r  -  T) 
a  ot  p  ct 


+  2(-l)agQ(r  -  T  -  Tp)  +  ga(r  -  2T)  -  g Q(r  -  2T  -  Tp) k 


(2) 


The  power  density  of  the  radiated  pulse  at  the  aperture  of  the 

2 

transmitting  antenna  is  -  E^/2$ Q  where  is  the  impedance  of  free  space. 
The  power  density  of  the  backscattered  wave  by  the  target  at  the  location  of 
the  receiving  antenna  is  Pfi  -  |E^|^/2f  .  We  can  define  the  normalized  power 
density  of  the  backscattered  wave  as: 


P 

P 


s 

t 


f2(r.8) 

4 

r 


(3) 


Some  numerical  results  have  been  calculated  for  a  wire  target  with  a 
length  of  10  m  and  a  radius  of  5  cm  being  illuminated  by  a  1  nanosecond 
rectangular  pulse.  Figure  43  shows  the  normalized  late -time  pulse  response 
of  the  target,  f (r,8),  when  the  pulse  is  normally  incident  upon  the  target, 

6  -  90° .  This  pulse  response  was  constructed  with  600  points  in  time  and 
using  10  natural  frequencies  of  the  target.  We  have  shown  only  the  late- 
time  pulse  response  because  in  the  E/S  pulse  discrimination  technique  we 
have  no  use  for  the  early- time  pulse  response  which  is  usually  difficult  to 
calculate  numerically.  Figures  44  and  45  show  the  late- time  pulse  responses 
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Relative  Amplitude 


Time  (Normalized  to  L/c) 


Figure  43.  Normalized  pulse  response  of  a  wire  target  (10  m  in  length  and 

5  cm  in  radius)  illuminated  by  an  incident  pulse  (1  ns  duration) 
nt  nr.  rnpect  angle  of  6  =  90°. 
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Figure  44.  Normalized  pulse  response  of  a  wire  target  (10  m  in  length  and 

5  cm  in  radius)  illuminated  by  an  incident  pulse  (1  ns  duration)  at 
an  aspect  angle  of  0  =  60°. 
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Relative  Amplitude 


Figure  45.  Normalized  pulse  response  of  a  wire  target  (10  m  in  length  and 

5  cm  in  radius)  illuminated  by  an  incident  pulse  ( 1  ns  duration) 
at  an  aspect  angle  of  9  =  30°. 
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of  the  same  target  when  the  radiated  pulse  is  incident  upon  the  target  at  an 
aspect  angle  of  60®  and  30°,  respectively. 

Figure  46  shows  the  normalized  power  density  of  the  backscattered  wave 

4  2 

at  the  receiving  antenna  rultiplied  by  r  ,  or  the  quantity  of  f  ( t  ,8 ),  for 
the  case  of  normal  incidence,  8  -  90*.  Figures  47  and  48  show  the 
corresponding  results  for  the  cases  of  8  -  60°  and  30°,  respectively. 
Physical  meaning  of  the  normalized  power  density  is  given  as  follows.  For 
example,  in  Fig.  46  at  the  normalized  time  of  r/( L/C)  -  1,  the  normalized 
2 

power  density,  f  (r,n/ 2),  is  0.02.  This  means  that  if  the  power  density  of 

2 

the  incident  pulse  is  1  watt/m  and  the  wire  target  is  located  at  1  m  away 
from  the  transmitting  and  receiving  antennas,  the  power  density  of  the 

2 

backscattered  wave  at  the  receiving  antenna  is  0.02  watt/m  . 

We  can  now  estimate  the  required  radiated  power  of  the  transmitting 
antenna  to  produce  a  backscattered  wave  from  a  wire  target  with  sufficient 
amplitude  to  be  received  by  the  receiving  antenna. 

Assuming  that  the  effective  radiating  area  of  transmitting  antenna  is 
At  and  the  effective  receiving  area  of  receiving  antenna  is  . 

The  total  radiated  power  of  the  interrogating  pulse  is: 


wt  “  Vt' 


and  the  total  power  of  the  backscattered  wave  received  by  the  receiving 
antenna  is : 


W  -PA. 
r  r  r 


If  we  require  the  received  power  to  be  10  dB  higher  than  the  noise  power: 


(W  )  -  10  W  .  . 

i  req  noise 


Thus,  the  required  power  density  of  the  backscattered  wave  is: 


76 


Power  ratio 


Figure  46.  Normalized  power  density  of  the  backscattered  wave  multiplied  by 
4  2 

r  ,  or  f  (x , 0) ,  of  a  wire  target  (10  m  in  length  and  5  cm  in 
radius)  illuminated  by  an  incident  pulse  ( 1  ns  duration)  at  an 
aspect  angle  of  9  =  90° . 
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Power  ratio 


0.10 


Time  (Normalized  to  L/c) 


Figure  47.  Normalized  power  density  of  the  backscattered  wave  multiplied  by 
4  2 

r  ,  or  f  (t,8),  of  a  wire  target  (10  m  in  length  and  5  cm  in 
radius)  illuminated  by  an  incident  pulse  ( 1  ns  duration)  at  an 
aspect  angle  of  0  =  60° . 
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Power  ratio 


Figure  48.  Normalized  power  density  of  the  backscattered  wave  multiplied  by 
4  2 

r  ,  or  f  (x,9),  of  a  wire  target  (10  m  in  length  and  5  cm  in 
radius)  illuminated  by  an  incident  pulse  ( l  ns  duration)  at  an 
aspect  angle  of  6  =  30°. 
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(  p  c  )  „ 

s  req 


(W  ) 

r  ret 


As  a  result,  the  required  power  density  of  the  interrogating  pulse  can  be 
found  from  eq.  (2)  to  be : 


(P_)  -  (P  )  r 4/f2(rn  ,6) , 

t  req  v  s  req  v  1  '  ’ 


.ere  f  is  the  normalized  power  density  evaluated  at  an  appropriate 

time  in  the  iat.e-time  period. 

The  total  required  power  needs  to  be  radiated  by  the  transmitting 
antenna  is : 


(W  ) 
v  t'req 


(Pt>reqAt 


r4  At 

(Wr}req  -  A  ' 

r  req  r(rr0)  r 


As  a  numerical  example,  let's  consider  the  same  wire  target  (10  m  in 
lengtn  and  5  cm  in  radius)  located  at  a  distance  of  10  Km  from  the  antennas. 
Assuming  that  the  noise  level  is  roughly  5  fiV  or  the  noise  power  is  5  x 
- 13 

10  watts  using  a  50  ohm  transmission  line.  To  have  the  received  power  of 
the  backscattered  wave  be  10  dB  above  the  noise  power: 


(W  )  -  10(5  x  10'13)  -  5  x  10'12  watts, 

r  req 


From  Figs.  46  to  48,  let's  choose  f  (r^,0)  to  be  0.02,  an  average  value 

2 

of  f  (t,$)  in  the  late -time  period.  If  the  same  antenna  or  the  same  tvpe  of 

antenna  3  a  e  used  for  transmitting  and  raaervmg  purposes ,  we  can  assume 

that  /  -  A  . 

t  r 
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For  this  example,  the  total  required  power  to  be  radiated  by  the 
transmitting  antenna  is: 


(W  )  -  (5  x  10'12)  -  2.5  x  106  watts, 

t  req 


0.02 


Since  the  interrogating  pulse  is  1  nanosecond  (T  ) ,  the  energy  cf  the 


pulse  is: 


E  -  (W  )  T  -  2.5  x  10‘3  Joule, 
t  req  p 


The  radiated  power  for  sending  a  single  1  ns  pulse  is  in  the  order  of 
Megawatt.  This  value  appears  to  be  very  high.  However,  the  energy 
contained  in  the  interrogating  pulse  is  quite  small.  If  it  is  necessary  to 
reduce  the  power  density  of  the  radiating  pulse  or  the  electric  field 
intensity  of  the  radiating  pulse,  a  train  of  pulses  should  be  radiated  and 
the  multi-pulse  coherent  processing  scheme,  as  discussed  in  Section  8, 
applied  in  receiving  the  backscattered  wave  from  the  target.  Another  easy 
solution  is  to  use  antennas  with  large  effective  areas. 
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Radar  Target  Discrimination  by  Convolution  of 
Radar  Return  with  Extinction-Pulses  and 
Single-Mode  Extraction  Signals 
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Abstract— A  new  method  of  radar  target  discrimination  and  identifica¬ 
tion  is  presented.  This  new  method  is  based  on  the  natural  frequencies  of 
the  target.  It  consists  of  synthesising  aspect-independent  discriminant 
signals,  called  extinction-pulses  (E-pulses)  and  single-mode  extraction 
signals  which,  when  convolved  numerically  with  the  late-time  transient 
response  of  an  expected  target,  lead  to  zero  or  single-mode  responses. 
When  the  synthesized,  discriminant  signals  for  an  expected  target  are 
convolved  with  the  radar  return  from  a  different  target,  the  resulting 
signal  will  be  signifies  ally  different  from  the  expected  zero  or  single-mode 
responses,  thus,  the  differing  targets  can  be  discriminated.  Theoretical 
synthesis  of  discriminant  signals  from  known  target  natural  frequencies 
and  experimental  synthesis  of  them  for  a  complex  target  from  its 
measured  pulse  response  are  presented.  The  scheme  has  been  tested  with 
measured  responses  of  various  targets  in  the  laboratory. 

I.  Introduction 

ANEW  RADAR  discrimination  scheme  has  been 
investigated  by  our  group  over  the  past  few  years,  and 
this  paper  describes  the  basic  principle  of  the  scheme  and 
repons  some  recent  results.  The  present  scheme  is  based  on 
the  finding  (l]-[5)  that  for  a  specific  target  there  exist  aspect- 
independent  discriminant  signais,  called  the  extinction-pulses 
(E-pulses1)  and  single-mode  extraction  signals,  which  can  be 
used  to  excite  the  target  to  produce  desirable  late-time  radar 
returns.  When  these  aspect-independent  discriminant  signals 
with  particular  waveforms  are  used  to  excite  the  target,  they 
will  produce  zero  response  or  single-mode  responses  in  the 
late-time  period.  On  the  other  hand,  if  the  late-time  response 
of  the  target  radar  return,  which  is  excited  by  a  convenient 
radar  pulse  and  is  the  sum  of  target's  natural  modes,  is 
convolved  with  the  discriminant  signals,  the  convolved  output 
will  yield  zero  response  or  single-mode  responses.  The  former 
scheme  is  a  transmitting  scheme  and  the  latter  a  receiving 
scheme.  Since  it  is  difficult  to  physically  synthesize  and 

Manuscript  rrmvml  Junr  22,  1985.  revised  September  5.  1985  This  work 
was  supporied  hv  die  Naval  Air  Systems  Command  under  Contract  N00019- 
m-c-on: 

K  M  Chen.  I )  P  Nvqiusi.  and  E  J  Rmhwcll  are  with  the  Department  of 
Electrical  Engineering  and  Systems  Science.  Michigan  State  University.  East 
lansing.  Ml  4KH24 

l.  I.  Webh  was  with  the  Department  ol  Electrical  Engineering  and  Systems 
Science.  Michigan  Stale  University.  East  lapsing.  Ml  He  is  now  with 
Northrop  Aircralt  Division.  One  Northrop  Avenue,  Hawthorne,  CA  90250 
H  Orachmuu  is  with  the  Department  of  Mathematics.  Michigan  State 
University.  East  Lansing.  Ml  4HK24 
IEEE  Log  Number  HblWHSO 

The  E  pulse  is  similar  to  the  K  pulse  siudicd  by  other  workers  [ 5 j .  (10| 


radiate  the  discriminant  signals  with  particular  waveforms 
without  suffering  distortion,  the  latter  receiving  scheme  is 
preferred.  The  synthesized  signals  with  particular  waveforms 
are  now  stored  in  the  computer;  they  are  convolved  with  the 
received  radar  return  inside  the  computer.  Thus,  we  can 
sidestep  the  difficulty  of  synthesizing  and  radiating  the 
discriminant  signals. 

The  synthesized  discriminant  signals  can  be  used  to  discrim¬ 
inate  targets  because  when  the  radar  return  of  a  wrong  target  is 
convolved  with  the  synthesized  discriminant  signals  of  the 
expected  target,  the  convolved  outputs  will  be  significantly 
different  from  the  expected  zero  response  or  single-mode 
responses.  Thus  the  wrong  target  can  be  discriminated. 

The  complex  natural  resonant  frequencies  of  a  radar  target 
are  aspect  independent  features  of  its  transient  electromagnetic 
response.  A  number  of  researchers  have  recently  attempted  to 
discriminate  among  various  targets  by  extracting  those  natural 
frequencies  from  late-time  transient  radar  returns.  Since 
extraction  of  natural  frequencies  from  late-time  target  re¬ 
sponses  is  an  inherently  ill-conditioned  numerical  procedure, 
very  large  signal-to-noise  (S/N)  ratios  are  required  in  the 
transient  return.  It  has  therefore  been  concluded  that  this 
method  for  the  direct  discrimination  of  differing  targets  is 
impractical.  Our  discrimination  scheme  differs  significantly 
Synthesis  of  the  discriminant  signals  requires  only  knowledge 
of  the  natural  frequencies  of  various  expected  targets.  The 
latter  natural  frequencies  are  measured  in  the  laboratory  where 
they  are  extracted  from  the  late-time  pulse  responses  of  target 
scale  models.  The  numerically  ill-conditioned  natural  fre¬ 
quency  extraction  procedure  need  therefore  be  applied  only  to 
target  responses  measured  in  a  controlled  (S/N)  environment. 
Synthesized  discriminant  signals  based  upon  those  laboratory 
measurements  are  stored  as  computer  data  files,  and  subse¬ 
quently  convolved  numerically  with  actual  transient  target 
radar  returns.  Since  the  latter  convolution  operation  is 
numerically  well  conditioned  (a  smoothing  integral  operator), 
the  (S/N)  requirements  for  the  actual  radar  return  are 
significantly  relaxed. 

Another  observation  made  in  the  course  of  our  study  is 
worth  noting.  It  is  common  thinking  among  many  researchers 
that  radar  detection  utilizing  the  late-time  transient  radar 
return  may  not  be  practical  because  it  contains  little  energy, 
most  energy  is  associated  with  the  early-time  part  of  that 
return.  This  thinking  may  be  true  for  very  low-@  targets. 
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Fortunately,  for  most  space  vehicles,  such  as  rockets  and 
aircrafts,  these  targets  are  not  exactly  low-Q  structures.  There 
is  sufficient  energy  contained  in  the  late-time  returns  of  such 
targets,  as  can  be  evidenced  from  our  measured  responses  of 
complex  targets  as  discussed  in  this  paper. 

In  Sections  II  and  III,  we  will  demonstrate  how  to  synthesize 
theoretically  and  experimentally  E-0,  E-  1,  — ,  E-rt  pulse 
or  the  zero  mode,  the  first  mode.  — ,  the  nth-mode  extraction 
signal.  E-0  pulse  (extinguishing  all  the  modes)  or  the  zero¬ 
mode  extraction  signal  can  be  used  to  produce  a  zero-response 
in  the  convolved  output  while  E  -  n  pulse  (extinguishing  all 
but  the  mh-mode)  or  the  nth-mode  extraction  signal  will 
produce  a  nth-mode  response  in  tin.  convolved  output. 

In  Section  IV,  examples  are  given  to  show  the  convolution 
of  the  synthesized  discriminant  signals  with  the  measured 
radar  returns  of  various  targets.  The  effectiveness  of  target 
discrimination  by  the  present  method  is  also  discussed. 

Finally,  a  potential  radar  detection  system  based  on  the 
present  scheme  is  suggested  in  Section  V. 

II.  Synthesis  of  Discriminant  Signals  Based  on  Known 
Natural  Frequencies 

The  zero-mode  and  other  single-mode  extraction  signals  or 
E-0  pulse  and  E  -  n  pulses  of  a  given  target  can  be 
synthesized  theoretically  based  on  the  prior  knowledge  of 
natural  frequencies  of  the  target. 

The  late-time  radar  return  of  a  target  is  the  sum  of  natural 
modes,  assuming  the  absence  of  noise,  and  it  can  be  expressed 
as 

IV 

h(t)~  Yt  a"(d'  <t>)e°n'  cos  (w„r  +  0„(0,  0))  (1) 

n  =  I 

where  a„  is  the  damping  coefficient  and  <a„  is  the  angular 
frequency  of  the  nth  natural  mode,  and  an{6,  ®)  and  0„(0,  <t>) 
are  the  amplitude  and  the  phase  angle  of  the  nth  natural  mode. 
It  is  noted  that  an  and  w„  are  independent  of  the  aspect-angle  ( 0 
and  0).  but  a„(0,  <t>)  and  0„(0,  0)  are  usually  strong  functions  of 
the  aspect  angle.  N  is  the  total  number  of  natural  modes  which 
have  significant  amplitudes  to  be  considered.  In  practice.  N 
can  be  estimated  based  on  the  frequency  spectrum  of  the 
interrogating  radar  pulse. 

We  aim  to  synthesize  an  extraction  signal  of  duration  T, 
which  can  be  convolved  wiin  the  radar  return  h(t)  to  produce  a 
single-mode  or  zero-mode  output  in  the  late-time  period  (/  > 
T,) 

E°(f)  =  f'  E'{t')hV-n  df,  for  t  >  T,  (2) 

-  0 

where  E°(/)  is  the  convolved  output  signal.  E'(r)  is  the 
extraction  signal  to  be  synthesized.  The  substitution  of  (1)  in 
(2)  leads  to 

\ 

E°(/)=2  aJ9,  cos  (ai„/ +  0„(0,  0)) 


where 

A„=  T'  E*  ( t')e-°n "  cos  u„t'  df  (4) 

Jo 

Bn- (  '  Ee  ( t')e~a sin  unt'  dt‘ .  (5) 

The  coefficients  A„  and  B„  which  determine  the  amplitudes  of 
the  natural  modes  of  the  convolved  output  are  independent  of 
the  aspect  angle  (0  and  0).  This  makes  it  possible  to  synthesize 
the  as  pc.  t-independent  Er(()  for  producing  single-mode  or 
zero-mode  E°(/).  It  is  noted  that  An  and  B„  are  numerically 
stable  because  they  are  finite  integrals  over  a  short  period  of 
time  Te,  even  though  there  is  a  time  growing  factor  of  e  "•»'  in 
them. 

Now  for  example,  if  we  synthesize  E*(f)  in  such  a  way  that 
A]  =  1  and  all  other  A„  and  B„  go  to  zero,  then  the  output 
signal  will  be  a  cosine  first  natural  mode  as 

E°(t)  =  a{(9,  0)e<’i/  cos  (cdir  +  0i(0,  0)),  for  (>Tr. 

If  we  choose  Er(t)  in  such  a  way  that  B 3  =  1  and  all  other  A„ 
and  B„  go  to  zero,  then  the  output  signal  will  be  a  sine  third 
natural  mode  such  as 

E°(f)  =  a3(0,  0)e°3'  sin  (io3f  +  03(0,  0)),  for  t>Tt. 

If  we  synthesize  E'(r)  in  such  a  way  that  all  A„  and  B„  vanish, 
then  the  zero-mode  output  is  obtained: 

E°(O  =  0,  fort>rr. 

This  Ef(t)  is  the  E  -  0  pulse  or  the  zero-mode  extraction  signal 
because  it  extinguishes  the  late-time  response  completely. 

The  next  task  is  to  synthesize  E'(t).  Construct  Ef(t)  with  a 
set  of  basis  function  f„(t)  as 

£'(/)=  2  dmfmit)  (6) 

m  ■  I 

where  can  be  pulse  functions,  impulse  functions  or 

Fourier  cosine  functions,  etc.  and  {dm}  are  the  unknown 
coefficients  to  be  determined.  We  need  2 N  of  f„(t)  because 
there  are  2 N  of  An  and  Bn  to  be  specified, 

'4/1=2  (7) 

n  ■  I 

Bn=%  M’md„  (8) 

n  •  1 

where 

Mcnm-  f  '  cos  b )„/'  dt'  (9) 

J  0 

Msnm=  \  '  sin  w*r'  df . 

*  0 


+  B„  sin  (w„/  +  0„(0,  0))|,  for  t>T,  (3) 


(10) 
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Equations  (7)  and  (8)  can  be  expressed  in  a  matrix  form  as 


n  =  l,  2,  •••,  N 
m  =  1,  2,  •  •  •,  2 N. 


(11) 


The  coefficient  dm  for  constructing  E'(/)  can  then  be  obtained 
from 


To  synthesize  E'(r)  for  the yth-mode  extraction,  we  can  assign 
Aj  =  1  or  Bj  =  1  and  let  all  other  A„  and  B„  go  to  zero,  and 
then  calculate  [dm\  from  (12)  accordingly.  Using  this  ap¬ 
proach,  we  select  an  appropriate  value  for  the  signal  duration 
T,  which  is  short  and  also  leads  to  a  well  behaved  waveform 
for  E'(f). 

To  synthesize  the  E  -  0  pulse  or  the  extraction  signal  for 
zero  response,  all  A„  and  B„  are  set  to  be  zero.  For  this  case 
[dm]  will  have  nontrivial  solutions  only  when  the  determinant 
of  [ Mnm ]  vanishes.  That  is 

Mnm 


This  condition  can  be  met  because  all  the  elements  of  Mcnm  and 
M\m  are  functions  of  the  signal  duration  7"„  and  it  is  possible 
to  numerically  search  for  the  optimum  value  of  T ,  which 
makes  (13)  valid.  Usually  we  use  the  Newton  method  for  this 
purpose.  Once  the  optimum  T,  is  determined,  [dm\  can  be 
easily  determined  from  a  set  of  homogeneous  equations 
generated  from  (11)  by  setting  A„  and  B„  to  be  zero. 

Single-mode  extraction  signals  or  E  -n  pulses  can  also  be 
synthesized  in  a  similar  way  as  that  for  the  E-0  pulse.  For 
example,  if  we  aim  to  synthesize  the  cosine  first  mode 
extraction  signal,  we  drop  the  first  equation  involving  A,  in 
(11).  We  then  have  a  new  set  of  (2N-1)  simultaneous 
equations  as 


A2 

An 

B , 

Jn. 


n-2,  3,  •  •  N,  for  Mcnm 
«-l,  2,  •••,  jV,  for  Msnm 
m=l,  2,  IN-  1 


(14) 

where  l$m)'  is  a  (27V—  1)  x  (2N- 1)  matrix  and  it  is 
the  original  matrix  with  its  first  row  and  its  last  col- 

™  nm 


umn  removed.  We  now  force  Ai, 
zero.  This  requires  that 

' '  ‘ .  A/m,  B\,  ■ 

•  • ,  Bn  to  be 

det 

hf'nm 

t 

=  0. 

(15) 

Equation  (15)  can  be  solved  numerically  to  determine  the 
optimum  T,  for  the  cosine  first  mode  extraction  signal.  After 
that  [dm]  can  be  determined  from  a  corresponding  set  of 
homogeneous  equations  from  (14). 


It  has  been  found  that  the  signal  duration  T,  for  various 
discriminant  signals  is  not  unique  but  there  exists  an  optimum 
value  of  T,  for  which  the  waveform  of  the  discriminant  signal 
is  best  behaved  and  it  possesses  a  maximal  sensitivity  in 
discriminating  the  target  [6].  This  optimum  value  of  Tt  is 
numerically  found  to  be  slightly  longer  than  twice  the  transit 
time  of  the  target  or  2  L/C  where  L  is  the  longest  dimension 
of  the  target  and  C  is  the  speed  of  light. 

III.  Synthesis  of  Discriminant  Signals  Based  on 
Experimental  Pulse  Response 

In  the  preceding  section,  discriminant  signals  for  zero 
response  or  single-mode  responses  were  synthesized  based  on 
the  prior  knowledge  of  target’s  natural  frequencies.  In  the  case 
of  complex  targets,  this  information  is  difficult  to  obtain,  and 
the  synthesis  of  the  discriminant  signals  will  be  based  on  an 
experimental  measurement  of  the  pulse  response  or  the  late¬ 
time  response  of  the  scale  model  of  the  target  combined  with 
some  theoretical  techniques  described  below. 

A.  Application  of  Continuation  Method  to  a  Measured 
Pulse  Response 

The  first  method  we  have  employed  to  synthesize  the 
discriminant  signals  for  a  target  is  to  apply  a  recently 
developed,  continuation  method  [7]  to  extract  major  natural 
frequencies  of  the  target  from  its  measured  pulse  response. 
This  method  is  to  tegularize  the  ill-conditioned  problem.  After 
the  natural  frequencies  are  determined,  the  theoretical  tech¬ 
nique  of  the  preceding  section  is  used  to  synthesize  the 
discriminant  signals.  The  following  steps  are  used  in  the 
process. 

1)  Measure  the  pulse  response  of  the  scale  model  of  the 
target  at  various  aspect  ang 

2)  Use  the  fast  Fourier  tran  -*-  r.u  to  obtain  approximate 
values  of  natural  frequencies  from  the  measured  pulse 
response. 

3)  Employ  the  continuation  method  and  the  natural  frequen¬ 
cies  obtained  from  FFT  as  the  initial  guesses  to  calculate 
accurate  values  of  natural  frequencies  of  the  target.  At 
each  step  of  the  algorithm,  the  condition  number  of  the 
regularized  problem  is  checked. 

4)  The  theoretical  technique  of  the  preceding  section  is  then 
applied  to  synthesize  the  discriminant  signals  for  the 
target. 

B.  Application  of  Fast  Prony’s  Method  to  a  Measured 
Pulse  Response 

The  second  method  we  have  used  to  synthesize  the 
discriminant  signals  for  a  target  is  mainly  based  on  the  fast 
Prony’s  method  [3],  [8]  and  a  measured  pulse  response.  This 
method  in  discrete-time  basis  consists  of  the  following  steps. 

1)  The  fast  Prony’s  method  is  applied  to  the  sampled  data  of 
the  measured  pulse  response  of  the  target.  The  coeffi¬ 
cients  of  Prony  polynomial  are  obtained.  The  time- 
ordered  sequence  of  these  coefficients  can  be  shown  to 
become  the  E-0  pulse  [E-0]  of  the  target  [8],  which 
eliminates  the  natural  modes  of  the  target  and  other 
noise. 
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2)  Find  roots  of  the  Z-transform  of  the  sequence  which 
represents  [E-0],  From  those  roots  in  the  proper 
locations  of  the  complex  plane,  the  complex  natural 
frequencies  [5m]  of  the  target  can  be  calculated. 

3)  At  this  step,  E-0  pulse  [E-0]  which  extinguishes  N 
natural  modes  of  the  target  can  be  constructed  by 
convolving  N couplets  (1,  -zm)  for  m  =  1,2,  ■  ■  ■ ,  N 
where  zm  -  e*P  (SmAT)  and  AT  is  the  sampling 
interval: 

[E  —  0]  =  (1,  -2,)*(  1.  -22)*.  •••.  *(1,  -2a). 

4)  The  /th-mode  extraction  signal  [E*  ]  can  be  obtained  by 
removing  the  couplet  (1,  - z,)  from  [E-0]  as 

[E;]  =  (l,  -2,)*.  *(1,  —  2,)*(1,  -2*)*, 

*0.  -2/v). 

IV.  Convolution  of  Synthesized  Discriminant  Signals  with 
Experimental  Radar  Returns 

To  demonstrate  the  applicability  of  the  present  target 
discrimination  method  in  practice,  we  have  convolved  the 
measured  radar  returns  of  various  targets  with  the  correspond¬ 
ing  synthesized  signals  for  extracting  zero-response  and 
single-mode  responses.  We  have  tested  many  targets  and 
produced  many  interesting  results  but  only  a  few  examples 
will  be  given  here  for  brevity. 

Experimental  pulse  responses  of  various  radar  targets  used 
in  the  present  study  were  either  measured  recently  in  the  time- 
domain  scattering  range  at  Michigan  State  University  (MSU) 
or  have  been  published  previously  [3].  The  MSU  scattering 
range  uses  a  biconical  transmitting  antenna  (2.5  m  long,  16° 
cone  angle)  and  as  a  receiving  probe  it  uses  a  short  monopole 
field  probe  on  the  ground  plane  (6  m  x  5  m),  a  current  probe 
or  a  charge  probe  on  the  target  surface.  The  transmining 
antenna  is  excited  either  by  a  mercury-switched  nanosecond 
pulser  (Tektronix- 109),  which  produces  pulses  of  about  100 
pS  risetime  and  variable  duration  1  ns  <  tp  <  1  pis  with 
amplitude  as  great  as  500  V  at  a  1  kHz  rate,  or  by  another 
picosecond  pulser  (Picosecond  Lab-IOOOB)  which  produces  a 
narrower  but  a  lower  amplitude  pulse.  The  signal  from  the 
receiving  probe  is  measured  by  a  sampling  scope  and  the 
signal  processing,  including  averaging  and  cluner  subtraction, 
is  performed  by  a  computer  controlled  system. 

Fig.  1  shows  the  measured  impulse  response  of  a  thin 
cylinder  target,  having  length  /  =  12.5  in  =  31.75  cm  and 
length-to-radius  ratio  I/a  =  400,  illuminated  obliquely  by  a 
nanosecond  plane-wave  pulse  at  6  =  60*  aspect  and  the 
synthesized  E-0  pulse.  This  E-0  pulse  was  synthesized  in 
terms  of  pulse  functions  with  the  first  three  natural  modes, 
indicated  in  the  figure,  extracted  by  the  continuation  method  as 
described  in  Section  III-A.  The  bandlimited  frequency  spec¬ 
trum  of  the  1  -nS  incident  pulse  precluded  the  identification 
of  higher  natural  frequencies.  Fig.  2  shows  the  convolved 
result  of  the  E  -  0  pulse  of  Fig  1  with  the  pulse  response  of  the 
correct  cylinder  along  with  the  similar  convolved  results  with 
the  pulse  responses  of  cylinders  5  and  25  percent  longer,  The 
correct  cylinder  yields  a  low-amplitude  late-time  response 


Fig.  1 .  Synthesis  of  thin-cylinder  E-0  pulse  from  experimentally  measured 
pulse  response;  dominant  natural  frequencies  tx tracted  by  the  continuation 
method. 

which  approximates  the  expected  zero  response;  failure  to 
achieve  a  perfect  zero  response  is  the  result  of  imperfect 
experimental  data  having  content  other  than  the  assumed  sum 
of  pure  natural  modes  (the  latter  may  be  artifacts  introduced  by 
the  measurement  system).  Longer  targets  lead  to  responses 
which  can  be  discriminated  from  an  expected  zero  response. 
Discrimination  of  the  5  percent  longer  cylinder  is  marginal 
while  that  of  the  25  percent  longer  target  is  clear. 

The  next  example  was  given  to  show  the  convolution  of 
single-mode  extraction  signals  with  the  measured  radar  return 
of  a  target.  Fig.  3  shows  the  results  of  the  convolution  of  the 
measured  pulse  response  of  a  wire  target  with  18.6  in  length 
and  0.0465  in  radius  with  the  synthesized  signal  for  the  third 
mode  extraction.  Fig.  3(a)  shows  the  synthesized  signal  for 
extracting  the  cosine  third  mode,  constructed  in  terms  of 
impulse  basis  functions  using  the  fast  Prony's  method  de¬ 
scribed  in  Section  III-B,  and  the  convolved  output.  It  is 
observed  that  a  cosine  third  mode  is  produced  in  the  late-time 
period  of  the  convolved  output.  Fig.  3(b)  shows  the  synthe¬ 
sized  signal  for  extracting  the  sine  third  mode  (in  terms  of 
impulse  basis  functions)  and  convolved  output.  A  sine  third 
mode  is  produced  in  the  late-time  period.  To  demonstrate  that 
these  late-time  responses  are  indeed  that  of  the  third  mode,  a 
complex  convolved  output  is  constructed  as 

C(t)  =  A(t)  -  jB(t) 

where  /4(f)  is  the  convolved  output  of  Fig  3(a)  and  B(t)  is  the 
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Fig.  2.  Convolution  (target  response)  of  thin-cylinder  E-0  pulse  synthesized  from  measured  pulse  response  with  the  responses  of 
the  same  "correct''  cylinder  and  those  of  5  and  25  percent  greater  length. 


Fig.  3.  Convolution  of  the  impulse  response  of  a  18  6  in  (length)  wire  with  the  synthesized  signal  for  the  third  mode  extraction  of  the 

18.6  in  wire. 
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Fig  4  Convolution  of  the  impulse  response  of  a  wrong  target,  a  16.74  In  wire,  with  the  synthesized  signal  for  extracting  the  third 

mode  of  the  right  target,  a  18.6  in  wire. 


convolved  output  of  Fig.  3(b).  If  the  late-time  response  of  A(t) 
is  a  pure  cosine  third  mode,  it  can  be  expressed  as 

=  cos  (c + 

Similarly,  if  the  late-time  response  of  B(t)  is  a  pure  sine  third 
mode,  it  can  be  expressed  as 

[B(t)]lM  =  a-ie°)'  sin  (w3/  +  d>3). 

Thus,  the  late-time  response  of  the  complex  convolved  output 
should  be 

[C(f)]Ute  =  a3e'3'e--'<“3'*'‘3i, 

The  logarithm  of  the  late-time  response  of  C(t)  yields 

In  [C(f)]i.«  =  In  a3  +  ff3r-y(u;3/  +  (i>3) 

and 

real  part  of  In  (C(f))i,tt  =  a3/  + In  a3 
imaginary  part  of  In  [C(f)]i««  =  -w3r-$3. 

Fig.  3(c)  shows  the  real  part  of  In  [C(f)J  in  comparison  with 


the  line  of  (a3f).  It  is  observed  that  the  late-time  response  of  Re 
{ In  [C(f)l }  is  nearly  in  parallel  with  the  line  of  (a3f)  for  the 
late-time  period  of  t/(L/C)  >  3  where  t/{L/C)  is  the 
normalized  time  with  L  as  the  wire  length  and  C  as  the  speed 
of  light.  Fig.  3(d)  shows  the  imaginary  part  of  In  [C(/»  in 
comparison  with  the  line  of  (-w3r).  It  is  again  observed  that 
the  late-time  response  of  1m  { In  [C(/)l }  is  in  parallel  with  the 
line  of  ( —  w3/)  for  the  late-time  period  of  t/(L/C)  >  3.  Figs. 
3(c)  and  3(d)  give  a  positive  indication  that  the  late-time 
response  of  the  convolved  outputs  of  Figs.  3(a)  and  3(b) 
contain  only  (or  predominantly)  the  third  mode  of  the  target. 

An  example  is  also  given  to  show  the  capability  of  target 
discrimination  provided  by  the  present  method.  Fig.  4  shows 
the  results  of  the  convolution  of  the  radar  return  of  a  wrong 
target,  a  16.74  in  wire,  with  the  synthesized  signal  for 
extracting  the  third  mode  of  the  right  target,  a  18.6  in  wire  In 
Figs.  4(a)  and  4(b),  the  convolved  outputs  are  significantly 
different  from  the  expected  third  mode  of  the  right  target 
Furthermore,  the  late  time  response  of  Re  { In  [C(f)J }  deviates 
greatly  from  the  line  of  (a3/)  and  the  late-time  response  of  Im 
{ In  [C(/)I }  also  differs  significantly  from  the  line  of  ( -  u>3r) 
as  shown  in  Figs.  4(c)  and  4(d).  The  results  given  in  Fig.  4 
give  a  positive  discrimination  of  the  wrong  target,  implvine 
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that  the  radar  return  does  not  belong  to  the  right  target  of  18.6 
in  wire. 

We  have  also  applied  the  present  method  to  discriminate 
between  complex  radar  targets.  Two  targets,  experimental 
models  of  the  F-18  plane  and  the  707  plane  which  have  similar 
sizes  but  different  geometries,  were  used  for  this  purpose.  In 
the  experiment,  the  half  of  each  model  was  placed  on  the 
ground  plane  (image  effect),  and  was  illuminated  by  a  pulsed 
electric  field  polarized  perpendicularly  to  the  ground  plane. 
Results  on  these  two  targets  are  depicted  in  the  following 
figures. 

Fig.  5(a)  shows  the  convolution  of  the  E  -  0  pulse  for  the  F- 
18  plane  with  the  measured  radar  response  of  the  F-18  plane. 
The  convolved  outputs  shows  a  strong  early-time  response 
followed  by  a  "extinguished”  (almost  zero)  late-time  response 
as  expected.  Fig.  5(b)  shows  the  convolved  output  of  the  E  -  0 
pulse  for  the  707  plane  with  the  measured  radar  response  of 
the  F-18  plane.  This  convolved  output  shows  a  significant, 
"unextinguished”  late-time  response  implying  that  the  707 
E  -  0  pulse  was  convolved  with  the  radar  response  of  a  wrong 
target  other  than  the  707  plane. 

Fig.  6  shows  the  convolved  results  of  the  measured  radar 
response  of  the  707  plane  with  the  fourth-mode  extraction 
signal  for  the  707  plane.  In  this  figure,  the  extracted  angular 
frequency  line  is  almost  parallel  to  the  ual  line  (of  the  707)  and 
the  extracted  damping  coefficient  line  closely  parallel  to  the 
aat  line  (of  the  707)  in  the  late-time  period.  This  implies  that 
the  radar  response  belongs  to  the  right  target  of  the  707  plane. 

Fig.  7  shows  the  convolved  results  of  the  measured  radar 
response  of  the  F-18  plane  with  the  fourth-mode  extraction 
signal  for  the  707  plane.  The  extracted  angular  frequency  line 
deviates  from  the  (oj4z)  line  of  the  707  plane  and  the  extracted 
damping  coefficient  line  also  differs  from  the  (a4f)  line  of  the 
707  plane.  These  results  imply  that  the  radar  response  belongs 
to  a  wrong  target  other  than  the  707  plane. 

It  is  noted  that  the  synthesized  E  -  0  pulses  and  single-mode 
extraction  signals  for  these  targets  are  available  elsewhere  (9]. 

V.  A  Potential  Radar  Detection  System  Based  on  the 
Present  Convolution  Method 

Fig  8  depicts  a  potential  radar  detection  system  based  on 
the  present  scheme  of  convolving  the  target  radar  return  with 
the  synthesized  discriminant  signals.  The  system  consists  of  a 
network  of  computers  and  each  of  them  is  assigned  to  store  the 
synthesized  signals  for  extracting  various  single-mode  or  zero¬ 
mode  response  for  a  particular  friendly  target.  All  the  relevant 
friendly  targets  are  assumed  to  be  covered  in  the  network  of 
computers.  When  an  approaching  target  is  illuminated  by  an 
interrogating  radar  signal,  the  radar  return  is  divided  and  fed 
to  each  computer  after  amplification  and  signal  processing. 
Inside  each  computer  the  stored  discriminant  signals  are 
convolved  with  the  radar  return.  In  principle,  only  one  of  the 
computers  will  produce  various  single-mode  and  zero-mode 
outputs  in  the  late-time  period;  the  rest  of  the  computers 
should  produce  irregular  outputs.  The  computer  producing  the 
single-mode  and  zero-mode  outputs  will  then  be  identified 
with  the  target.  If  none  of  the  computers  produces  single-mode 


time  in  nanoseconds 
(a) 


(b) 


Fig.  5.  (a)  Convolution  of  the  F-18  E-0  pulse  with  the  F-18  r.ieasured 
response  showing  "extinguished"  late-time  response,  (b)  Convolution  of 
the  707  E-0  pulse  with  the  F-18  response  showing  a  significant  late-time 
response 


and  zero  outputs  in  the  late-time  period,  the  approaching 
targets  will  not  be  friendly. 

VI.  Discussion 

The  present  radar  discrimination  scheme  is  not  a  conven¬ 
tional  correlation  method  because  the  measured  radar  return  is 
convolved  with  synthesized  discriminant  signals  which  possess 
particular  waveforms.  The  present  scheme  is  basically  differ¬ 
ent  from  the  matched  filtering  scheme.  A  fundamental 
difference  between  the  E-pulse  "'heme  and  the  matched 


Radians 


CHEN  «  a/.:  RADAR  TARGET  DISCRIMINATION 


time  In  nanoseconds  time  In  nanoseconds 

Fig.  6.  Angular  frequency  and  damping  coefficient  extracted  from  the  complex  convolved  output  of  the  fourth  mode  extraction 

signal  for  the  707  target  and  the  707  measured  response. 


time  *n  nanoseconds  time  1  econds 

Fig.  7.  Angular  frequency  and  damping  coefficient  extracted  from  the  complex  convolved  output  fourth  mode  extraction 

signal  for  the  707  target  and  the  F- 1 8  measured  response. 
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Fig  8  A  proposed  target  discrimination  and  identification  system. 


filtering  scheme  is  as  follows:  the  E-pulse  scheme  is  to  nullify 
a  selected  natural  mode  set,  and  does  not  deal  with  maximizing 
a  specific  modal  content.  For  example,  the  E-0  pulse 
eliminates  all  the  modes  in  the  late  time  The  single-mode 
extraction  signal  eliminates  all  but  one  mode.  We  do  not 
consider  maximization  of  responses  in  the  presence  of  noise  at 
specific  times  as  in  the  matched  filtering  scheme.  A  further 
difference  between  these  two  schemes  is  the  following:  The 
natural  modes  are  not,  in  general,  orthog  inal.  Maximizing  the 
response  of  a  particular  mode  will  not  nullify  the  other  modes. 
Also  note  that  the  E-pulse  scheme  is  aspect-independent, 
whereas  the  matched  filtering  is  not. 

We  have  not  attempted  to  compare  the  performance  of  the 
E-pulse  scheme  with  that  of  a  matched  filtering  scheme. 
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Abstract — An  aspect  independent  radar  target  discrimination  scheme 
based  on  the  natural  frequencies  of  the  target  is  considered.  An 
extinction-pulse  waveform  upon  excitation  of  a  particular  conducting 
target  results  in  the  elimination  of  specified  natural  modal  content  of  the 
scattered  field.  Excitation  of  a  dissimilar  target  produces  a  noticeably 
different  late-time  response.  Construction  of  appropriate  extinction-pulse 
waveforms  is  discussed,  as  well  as  the  effects  of  random  noise  on  their 
application  to  thin  cylinder  targets.  Also  presented  is  experimental 
verification  of  this  discrimination  concept  using  simplified  aircraft 
models. 

I.  Introduction 

ADAR  TARGET  identification  methods  using  the 
time-domain  response  of  a  target  to  a  transient  incident 
waveform  have  generated  considerable  interest  recently  [l]-[4]. 
One  of  the  most  intriguing  schemes  involves  the  so-called 
“kill-pulse”  technique  as  first  described  by  Kennaugh  (5).  A 
Kill-pulse  (tf-pulse)  is  an  excitation  waveform  synthesized  in 
such  a  way  as  to  minimize  a  transient  scattered  field  response. 
Target  discrimination  results  from  the  unique  correspondence 
of  a  tf-pulse  to  a  particular  target;  excitation  of  a  dissimilar 
target  yields  a  “larger"  response. 

This  paper  describes  a  related  “extinction-pulse”  (£-pulse) 
concept,  based  on  the  natural  resonance  of  a  conducting  radar 
target  via  the  singularity  expansion  method  (SEM)  [6].  The 
time  domain  electric  field  scattered  by  the  target  is  divided  into 
an  early-time,  forced  response  period  when  the  excitation 
waveform  is  traversing  the  target,  and  a  late-time,  free 
oscillation  period  that  exists  after  the  excitation  waveform  has 
passed  [7],  [8],  The  early-time  response  is  not  utilized  due  to 
its  complicated  nature.  The  late-time  response  can  be  decom¬ 
posed  into  a  sum  of  damped  sinusoids  oscillating  at  frequen¬ 
cies  determined  entirely  by  the  geometry  of  the  target.  An  tf- 
pulse  is  then  viewed  as  a  transient,  finite  duration  waveform 
which  annihilates  the  contribution  of  a  select  number  of  these 
natural  resonances  to  the  late-time  response.  A  related  target 
identification  scheme  based  on  natural  target  resonances  has 
been  examined  by  Chen  [9], 

Target  discrimination  using  this  SEM  viewpoint  is  easily 
visualized.  Each  target  can  be  described  by  a  set  of  natural 
frequencies.  An  tf-pulse  designed  to  annul  certain  natural 
resonances  of  one  target  will  excite  those  of  a  target  with 
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different  natural  frequencies,  resulting  in  a  different  scattered 
field.  Also  made  apparent  is  the  aspect-independent  nature  of 
the  tf-pulse.  Since  the  values  of  the  target  resonance  frequen¬ 
cies  are  independent  of  the  excitation  waveform,  the  tf-pulse 
will  eliminate  the  desired  natural  modal  content  of  the  late¬ 
time  scattered  field  regardless  of  the  orientation  of  the  target 
with  respect  to  the  transmitting  and  receiving  antennas. 

It  is  important  to  note  that  the  tf-pulse  waveform  need  not  be 
transmitted  to  employ  this  concept.  It  is  assumed  that  an 
excitation  waveform  with  finite  usable  bandwidth  will  be  used 
to  excite  the  target,  resulting  in  a  measured  scattered  field  with 
the  desired  (finite)  modal  content.  The  tf-pulse  can  then  be 
convolved  numerically  with  the  measured  target  response, 
yielding  results  analogous  to  tf-pulse  transmission.  If  the 
maximum  modal  content  of  the  target  scattered  field  can  be 
estimated  from  the  frequency  content  of  the  excitation  pulse, 
then  the  tf-pulse  waveform  can  be  constructed  to  yield  a  null 
late-time  convolved  response. 

After  an  initial  presentation  of  the  SEM  representation  of 
the  backscattered  field  excited  by  a  transient  incident  wave  and 
calculation  of  the  corresponding  impulse  response,  two  types 
of  tf-pulses,  forced  and  natural,  will  be  discussed.  The  results 
are  then  specialized  to  a  'hin  cylinder  target  which  ha?  an. 
impulse  response  amenable  to  analytic  calculation.  Target 
discrimination  using  the  natural  thin  cyclinder  tf-pulse,  as  well 
as  the  effects  of  random  noise  are  also  investigated.  Lastly, 
experimental  verification  of  the  tf-pulse  concept  is  presented. 

II.  Backscattered  Field  Excitfd  By  Transient  Incident 
Wave 

A  perfectly  conducting  radar  target  is  illuminated  by  a  plane 
electromagnetic  wave  as  shown  in  Fig.  1.  The  electric  field 
associated  with  this  transient  wave  can  be  written  in  the 
Laplace  transform  domain  as 

tf'(F,  s)  =  f e(s)e  r  ( 1 ) 

where  “is  a  position  vector  in  a  coordinate  system  local  to  the 
target,  f  is  a  constant  vector  specifying  the  polarization  of  the 
wave,  (c  is  a  unit  vector  in  the  direction  of  propagation,  and 
e(t )  represents  the  time  dependence  of  the  incident  field.  The 
current  k  induced  on  the  surface  of  the  target  is  given  by  the 
solution  to  the  transform  domain  tf-field  integral  equation 

f  _  _  c2  _  _  ]  g-isR/c) 

7'  •  <c(P ,  JH'  ‘  V)-—  t  ■  k(7\  s)  —  ds' 

Js  L  c2  J  4x7? 

=  -st0f  ■  E'(r,  s)  (2) 
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Fig.  1.  Illumination  of  a  conducting  target  by  an  modem  electromagnetic 

wave. 

where  f  is  a  unit  vector  tangent  to  the  surface  of  the  target  at 
the  point  7  on  S,  and  R  =  \  7  -  T  |.  The  surface  current  can 
also  be  expanded  using  the  SEM  representation 

R<?,  s)=fl  aaRa(r)(s -sa)~'+  &<r,  s)  (3) 

a  »  i 

where  fr(7,  s)  represents  any  entire  function  contribution  to 
the  current,  and  it  is  assumed  that  only  a  finite  number  of 
natural  modes  are  substantially  excited  by  the  incident  field-  It 
is  further  assumed  that  the  only  singularities  of  K(j,  s)  in  the 
finite  complex  s-plane  are  simple  poles  natural  frequencies 
sa  -  oa  +  jua.  Then,  Ra(r)  represents  t..e  current  distribution 
of  the  ath  natural  mode,  and  a„  is  the  “class-1"  coupling 
coefficient  given  by  Baum  [10]. 

The  far-zone  backscattered  electric  field  can  be  computed 
by  integrating  the  current  distribution  over  the  surface  of  the 
target.  The  f  component  of  backscattered  field  can  then  be 
written  as 

e  -  (sr/c) 

EUr,  s,  £)  = - e(s)H(s,  £,  ft  (4) 

‘  r 

where  r  =  |F|  and  H(s,  £,  ft  is  the  aspect  dependent  transfer 
function  of  the  target.  Using  (3)  to  represent  the  surface 
current,  the  transfer  function  can  be  inverse  transformed  to 
determine  the  backscatter  impulse  response  of  the  target. 

Because  of  the  entire  function  contribution  to  the  current, 
the  impulse  response  will  exhibit  two  distinct  regions.  The 
early-time,  forced  component  represents  the  backscattered 
field  excited  by  currents  during  the  time  when  the  impulse  is 
traversing  the  target;  it  has  a  duration  equal  to  twice  the  one¬ 
way  maximal  transit  time  of  the  target  T.  The  late-time  free 
oscillation  component  is  composed  purely  of  a  sum  of  constant 
amplitude  natural  modes  and  exists  for  all  time  t  >  27  as 

h(t,  6,  ft =  't  a"^’  ft*'-'  cos  +  f»-  t>2T 

**’  (5) 

where  it  has  been  assumed  that  the  entire  function  makes  no 
contribution  to  the  late-time  component  [6].  Thus,  the 
component  of  the  far-zone  backscattered  field  is  given  simp 
by  the  convolution  of  the  time  domain  incident  field  and 
impulse  response,  and  is  also  composed  of  forced  and  fre 
oscillating  portions. 

ID.  Incident  £-Pulse  Waveform  Synthesis 

To  synthesize  an  £-pulse  for  a  particular  target,  the 
convolutional  representation  of  the  backscattered  field  is 


written  in  integral  form  using  the  impulse  response  of  (S)  as 
F’rtt,  £)=  \T' eV’)h(t-t',  t c ,  ft  dt' 

Jq 

=  jo  e(t')  £  1  cos  [u„(/-0 

n  - 1 

+  <*>„(£,  h]  dr.  (6) 

This  response  is  valid  for  the  late-time  portion  of  the  scattered 
field,  t  >  Tl  =  T,  +  27,  where  7,  is  the  duration  of  e(t). 
The  excitation  waveform  becomes  an  £-pulse  when  the 
scattered  field  is  forced  to  vanish  identically  in  the  late-time. 
Rewriting  (6)  and  employing  this  condition  yields  a  defining 
equation  for  the  £-pulse. 

2  be’”‘[An(Tt)  cos  (Wn/  +  <M£,  ft) 

n  «  I 

+  Bn(Tt)  sin  (w„f  +  <M£,  ft)]  =  0,  t>TL  =  Te  +  2T 

(7) 

where  the  coefficients  An(Te)  and  B„(Tt)  are  given  by 


The  linear  independence  of  the  damped  sinusoids  in  (7) 
requires  A„(Tf)  =  Bn{Te)  =  0  for  all  1  s  n  s  N. 

It  is  important  to  note  that  A„(Te)  and  B„(Te)  are  indepen¬ 
dent  of  the  aspect  parameters  Ic  and  f,  verifying  the  aspect 
independence  of  the  £-pulse.  This  is  a  direct  consequence  of 
the  separability  of  the  terms  of  the  impulse  response. 

A  physical  interpretation  of  the  £-pulse  can  be  facilitated  by 
decomposing  the  excitation  waveform  as  shown  in  Fig.  2  as 

e(t)  =  e^(t)  +  e'(r)  (9) 

where  eS(t)  is  an  excitatory  component,  nonvanishing  during  0 
<  t  <  Tf,  the  response  to  which  is  subsequently  extinguished 
by  e*(f)  which  follows  during  7)  s  t  S  7f.  Substituting  (9) 
into  (8)  and  using  A „( 7,)  =  B„(Te)  =  0  yields 


The  excitation  component  of  the  £-pulse  necessary  to  eradi¬ 
cate  the  response  dut  a  preselected  excitatory  component 
can  be  constructed  as  an  expansion  over  an  appropriately 
:hosen  set  of  linearly  independent  basis  functions  as 

ee(t)=^  cmgm(t).  (ID 

m  •  I 

Equation  (10)  then  becomes 

LV 

2  M£(T,)Cm=-  £?J,  (12) 

m  •  I 


R0THWELL  el  a!.  .  RADAR  TARGET  DISCRIMINATION 


931 


*(  t ) 


Fig.  2.  Decomposition  of  £-pulse  mio  forcing  and  extinction  components. 

where 


L/J  '  200 

"  !« 

1  -0  0828  *  j 0 .9251 

2  -0.1212  *  Jl  .912 

3  -0. 1491  •  J2.884 

4  -0.1713  »  j  3  874 

5  -0.1909  ♦  J4.854 

6  -0.2080  •  J5.845 

7  -0.2240  ♦  J6.829 

8  -0.2383  *  j 7 . 82 1 

9  -0.2522  *  J8.807 

10  -0.t648  ♦  j9. 800 


Fig.  3.  Onentation  for  thin-cylinder  excitation  and  first  ten  natural  frequen¬ 
cies. 


fj'.  dr.  <>3b, 


This  can  be  written  using  matrix  notation  as 


Solving  this  equation  for  C, ,  •  •  • ,  C1V  determines  the 
extinction  component  via  (11)  and  thus  the  £-pu!se. 

It  is  convenient  at  this  point  to  identify  two  fundamental 
types  of  £-pulses.  When  7}  >  0  the  forcing  vector  on  the  right 
side  of  (14)  is  nonzero  and  a  solution  for  e'(t)  exists  for  almost 
all  choices  of  T,.  This  type  of  £-pulse  has  a  nonzero  excitatory 
component  and  is  termed  a  “forced”  £-pulse.  In  contrast, 
when  Tf  =  0  the  forcing  vector  vanishes  and  solutions  for 
ee(()  exist  only  when  the  determinant  of  the  coefficient  matrix 
vanishes,  i.e.,  when  det  [A/(£,)l  =  0.  These  solutions 
correspond  to  discrete  eigenvalues  for  the  £-pulse  duration  T„ 
which  are  determined  by  rooting  the  determinantal  characteris¬ 
tic  equation.  Since  there  is  no  excitatory  component,  this  type 
of  £-pulse  is  viewed  as  extinguishing  its  own  excited  field  and 
is  called  a  “natural"  £-pulse. 

IV.  Thin  Cyunder  £-Pllse  Analysis 

A  theoretical  analysis  of  a  thin  wire  target  has  been 
undertaken  by  various  authors  [11],  [12].  Target  natural 
frequencies  are  determined  from  the  homogeneous  solutions  to 
the  integral  equation  (2).  The  geometry  of  the  target  and  its 
orientation  with  respect  to  the  excitation  field  are  given  in  Fig. 
3  along  with  the  first  ten  natural  frequencies.  The  frequencies 
are  normalized  by  t c/L  where  L  is  the  length  of  the  wire  and  c 
is  speed  of  light,  and  correspond  to  2  ""re  of  nHittr  giver, 
by  L/a  =  200. 

The  thin  cylinder  impulse  response  can  be  calculated  by 
inverting  (4)  [12]  and  becomes  a  pure  sum  of  natural  modes  in 
the  late  time.  Fig.  4  shows  the  impulse  responses  of  thin 
cylinders  oriented  at  6  =  30*  and  0  =  60* ,  generated  by  using 
the  first  ten  modes  of  the  target.  Note  the  distinct  early  and 


norwliifd  t i me  t/(L/C) 

Fig.  4.  Thin  cylinder  impulse  responses  for  9  =  30*  and  9  =  60"  generated 
using  the  first  ten  natural  modes. 

late-time  regions.  An  £-pulse  to  extinguish  the  first  ten  modes 
of  the  target  is  created  by  solving  (14)  using  the  corresponding 
frequencies. 

Fig.  5  shows  a  natural  £-pulse  synthesized  to  kill  the  first 
ten  natural  modes  of  the  thin  wire  target,  using  a  pulse 
function  basis  set.  The  duration  of  the  waveform,  T,  = 
2.04081/c,  corresponds  to  the  first  root  of  the  resulting 
determinantal  equation.  Superimposed  with  this  is  Kennaugh  s 
original  X -pulse.  The  similarlity  is  striking,  with  the  major 
difference  being  the  finite  duration  of  the  £-pulse.  Also  shown 
in  Fig.  3  is  a  forced  pulse  function  £-pulse  constructed  to 
extinguish  the  first  ten  modes  of  the  target.  The  duration  has 
been  chosen  a s  T,  =  2.3  and  the  excitation  component  has 
been  chosen  as  a  pulse  function  of  width  equal  to  that  of  the 
basts  functions 

Numerical  verification  of  the  thin  wire  £-pulse  is  given  in 
Fig.  6.  The  natural  £-pulse  waveform  of  Fig.  5  is  convolved 
with  the  30*  and  60*  impulse  responses  of  Fig.  4  and  the 
resulting  backscattered  field  representations  are  observed  to  be 
zero  in  the  late  time.  Note  also  the  expected  nonzero  early- 
time  response.  This  portion  is  useful  since  it  provides  a 
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normalized  time  t/ (L/C ) 

(b) 

Fig.  5.  Pulse  function  based  £-pul*e  synthesized  to  eliminate  first  ten  modes 
of  thin  cylinder  target,  (a)  Natural  £-pulse  compared  to  Kennaugh's  Im¬ 
pulse.  (b)  Forced  £-puise  of  duration  7",  =  2.3  L/c. 

comparative  benchmark  assessing  the  quality  of  the  annulled 
component  of  the  response;  this  is  important  when  imperfect 
"extinction”  is  evident  (due  to  noise,  errors  in  the  natural 
frequencies,  etc.). 

The  question  of  E-pulse  waveform  uniqueness  as  the 
number  of  natural  frequencies  extinguished  N  is  taken  to 
infinity  has  not  been  resolved.  For  the  thin  cylinder  target 
there  appears  to  be  sue*'  r*  unique  waveform.  Evidence  is 
provided  by  Fig.  7  which  shows  natural  E-pulses  of  minimum 
duration  designed  to  extinguish  various  numbers  of  natural 
modes,  using  both  Fourier  cosine  and  pulse  function  basis 
sets.  It  is  apparent  that  these  waveforms  are  nearly  identical 
and  they  appear  to  be  converging  to  a  particular  shape. 

The  most  critical  parameter  necessary  for  E-pulse  unique- 


normalized  time  t/(UC) 

Fig.  6.  Convoltuion  of  ten  mode  natural  £-pulse  with  30’  and  60*  ten  mode 
impulse  responses  showing  null  late-time  response. 


(a) 


(b) 

Fig.  7.  Natural  £-pulse  constructed  using  (a)  Fourier  cosine  basis  funcuons 
to  eliminate  S,  6,  7,  S.  9,  and  10  modes,  (b)  Pulse  function  basis  functions 
to  eliminate  3.  5.  7.  and  10  modes. 
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ness  is  the  finite  E-pulse  duration  Tt.  This  must  converge  to  a 
distinct  value  as  N  —  ® .  For  the  pulse  function  basis  se*  it  can 
be  shown  that  the  natural  £-pulse  durations  are  given  by 

7>2tN-,  p=l,  2,  1  </<yV  (15) 

where  w,  is  the  imaginary  part  of  the  /th  natural  frequency.  If 
this  is  written  for  the  thin  cylinder  as 

u>,=  t[/ -5(/>]  -  (16) 


where  5 (/)//  decreases  asymptotically  to  zero  with  increasing 
I,  then  the  minimum  E-pulse  duration  converges  to 


(  fir)  min  littt 


2rN  L 
t [N-8(N)]  c 


V.  Target  Discrimination  With  E-Pui.se  Wavfforms 

Discrimination  between  different  thin  cylinder  targets  is 
demonstrated  by  convolving  the  natural  E-pulse  of  Fig.  5, 
which  has  been  constructed  to  extinguish  the  first  ten  modes  of 
a  target  of  length  L,  with  the  impulse  response  of  the  expected 
target  and  a  target  5  percent  longer.  The  result  is  shown  in  Fig. 
8.  The  late-time  response  of  the  expected  target  has  been 
successfully  annulled,  while  the  response  of  the  differing 
target  is  nonzero  over  the  same  period.  The  difference  in 
target  natural  frequencies  provides  the  basis  for  discrimination 
based  on  the  comparison  of  adequately  dissimilar  late-time 
responses  of  differing  targets. 

Sensitivity  of  E-pulse  performance  to  the  presence  of 
uncorrelated  random  noise  is  investigated  by  perturbing  each 
point  of  the  thin  cylinder  impulse  response  of  Fig  4  by  a 
random  amount  not  exceeding  10  percent  of  the  maximum 
waveform  amplitude.  The  result  is  shown  in  Fig.  9.  An 
attempt  is  then  made  to  extinguish  this  noisy  response  by 
convolving  it  with  the  natural  E-pulse  of  Fig  5  As  expected, 
the  convolution,  shown  in  Fig.  10,  does  not  exhibit  a  null  late¬ 
time  response,  but  results  in  a  distribution  of  noise  about  the 
zero  line.  Also  plotted  in  this  figure  is  the  convolution  of  the 
E-pulse  with  a  noisy  waveform  representing  a  target  5  percent 
longer.  It  is  quite  easy  to  separate  the  effects  of  noise  and 
target  length  sensitivity,  suggesting  that  random  noise  will  not 
interfere  with  target  discrimination. 


1 


'lot ''ill '/•'•I  f  '•  •  !  ' 

Fig.  8.  Convolution  of  10  mode  rutural  thin  cylinder  F'  pulse  with  60*  thin 
cylinder  impulse  response  and  60”  response  ol  a  cylinder  5  percent  longer 
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Fig  9  Thin  cylinder  60’  impulse  response  gcneraied  from  first  ten  natural 
modes,  with  !0  percent  random  noise  added 


VI.  Experimental  Verification  Of  The  E-Pulse  Concept 

Time  domain  measurements  of  complex  conducting  target 
responses  provide  the  means  for  a  practical  test  of  the  E-pulse 
concept.  The  present  experiment  involves  measuring  the  near 
scattered  field  response  of  a  simplified  aircraft  model  to 
transient  pulse  excitation.  A  Tektronix  109  pulse  generator  is 
used  to  provide  a  quasi  rectangular  400  V  incident  pulse  of 
nanosecond  duration.  Transmission  of  the  pulse  over  a  5  x  6 
m  conducting  ground  screen  is  accomplished  by  using  an 
(imaged)  biconical  antenna  of  axial  height  2.5  m,  half-angle  of 


8*  and  characteristic  impedance  of  160  Q,  while  reception  is 
implemented  using  a  short  monopole  E-field  probe  of  length 
1 .6  cm.  Although  the  receiving  probe  is  not  positioned  in  the 
far  field  region  of  the  scatterer,  the  resulting  measurements 
have  the  desired  modal  content  in  the  late-time  period, 
providing  the  small  probe  purely  differentiates  the  waveform. 
Lastly,  discrete  sampling  of  the  time  domain  waveform  is 
accomplished  by  using  a  Tektronix  sampling  oscilloscope  (S2 
sampling  heads,  75  ps  risetime)  coupled  to  a  Radio  Shack 
model  III  microcomputer. 
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normalized  time  t / ( L/ C ) 

Fig.  10.  Convolution  of  natural  ten  mode  £-pulse  with  noisy  ten  mode  60* 
impulse  response. 


Fig.  II.  Measured  response  of  a  Boeing  707  aircraft  model  and  seven 
dominant  natural  frequencies. 


In  this  experiment,  an  attempt  is  made  to  discriminate 
between  two  aircraft  models  by  employing  the  E-pulse 
technique.  Figs.  1 1  and  12  show  the  measured  pulse  responses 
of  simplified  Boeing  707  and  McDonnell  Douglas  F-I8  aircraft 
models,  respectively.  Each  model  is  constructed  of  aluminum 
and  has  a  geometry  as  indicated  in  the  figures.  Also  shown  in 


Fig.  12.  Measured  response  of  a  McDonnel  Douglas  F-18  aircraft  model 
and  give  dominant  natural  frequencies. 


time  in  nanoseconds 

Fig.  13.  Natural  £-pulsc  constructed  to  eliminate  the  seven  dominant  modes 
in  the  707  measured  response. 

the  figures  are  the  dominant  natural  frequencies  extracted  from 
the  late-time  portion  of  the  response  using  a  nonlinear  least 
squares  curve  fitting  technique  [13].  E-pulse  waveforms  can 
then  be  constructed  to  annul  these  frequencies. 

Pulse  function  based  natural  E-pulses  constructed  to  annul 
each  of  the  two  target  responses  are  shown  in  Figs.  13  and  14. 
Discrimination  between  the  targets  i  accomplished  by  con¬ 
volving  these  waveforms  with  the  mea  red  responses  of  Figs. 
1 1  and  12.  Fig.  15  shows  the  convoluuon  of  the  F-18  E-pulse 
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Fig.  14.  Natural  £-pulse  constructed  to  eliminate  the  five  dominant  modes 
in  the  F- 1 8  measured  response. 
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time  in  nanoseconds 

Fig.  16.  Convolution  of  the  707  £-pulse  with  the  F- 18  measured  response. 


time  in  nanoseconds  time  in  nanoseconds 

Fig.  i5.  Convolution  of  the  F-18  £-pul$e  with  the  F-18  measured  response  Fig.  17.  Convolution  of  the  707  £-pulse  with  the  707  measured  response 
showing  “extinguished”  late-time  region.  showing  “extinguished”  late-time  region. 


with  the  F-18  measured  response.  Compared  to  early  time,  the 
late-time  region  has  been  effectively  annulled.  In  contrast. 
Fig.  16  shows  the  convolution  of  the  707  £-pulse  with  the  F- 
18  measured  response.  The  result  is  a  relatively  larger  late¬ 
time  amplitude.  Similarly,  Fig.  17  displays  the  convolution  of 
the  707  E-pulse  with  the  707  measured  response.  Again,  the 
late-time  region  of  the  convolution  exhibits  small  amplitude. 
Lastly,  Fig.  18  shows  the  convolution  of  the  F-18  £-pulse  and 
the  measured  response  of  the  707  model.  As  before,  the 
"wrong”  target  is  exposed  by  its  larger  late-time  convolution 
response. 


VII.  Summary  And  Conclusion 
Radar  target  discrimination  based  on  the  natural  frequencies 
of  a  conducting  target  has  been  investigated.  The  response  of 
targets  to  a  particular  class  of  waveforms  known  as  ”£- 
pulses”  has  been  demonstrated  to  provide  an  effective  means 
for  implementing  a  discrimination  process  in  the  presence  of 
random  noise. 

Two  types  of  £-pulses  have  been  identified,  natural  and 
forced.  Discrimination  based  on  natural  £-pulses  and  the 
response  of  a  thin  cylinder  target  has  been  demonstrated 
theoretically. 
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Fig  18  Convolution  of  the  F- 1 8  £-pulse  with  the  707  measured  response. 

Most  encouraging  are  the  experimental  results  which  reveal 
that  two  quite  complicated,  similar  sized  targets  can  be 
adequately  and  convincingly  discriminated  using  natural  E- 
pulse  waveforms.  Further  experimentation  using  more  accu¬ 
rate  aircraft  models  is  currently  being  undertaken. 
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Abstract — A  frequency  domain  approach  to  the  f-pulse  radar  target 
discrimination  scheme  is  introduced.  This  approach  is  shown  to  allow 
easier  interpretation  of  f-pulse  convolutions  via  the  f-pulse  spectrum, 
and  leads  to  a  simplified  calculation  of  pulse  basis  function  amplitudes  in 
the  F-pulse  expansion.  Experimental  evidence  obtained  using  aircraft 
models  verifies  the  single-mode  discrimination  scheme,  as  well  as  the 
aspect -independent  nature  of  the  £-pulse  technique.  This  leads  to  an 
integrated  technique  for  target  discrimination  combining  the  £-pulse  with 
single  mode  extraction  waveforms. 


domain  analyses  will  be  used  10  develop  a  set  of  defining  £- 
pulse  equations.  The  frequency  domain  approach  will  be 
shown  to  be  of  significant  value  not  only  for  providing  a  much 
more  convenient  way  of  viewing  £-pulse  discrimination,  but 
also  for  constructing  certain  £-pulsc  waveforms. 

Lastly,  experimental  results  using  aircraft  models  will  be 
presented,  demonstrating  single  mode  discrimination  and 
verifying  the  aspect  independence  of  the  £-pulse  technique 


I.  Introduction 

THE  TIME-DOMAIN  scatte  1  field  response  of  a 
conducting  arget  has  been  observed  to  be  composed  of  an 
early-time  forced  period,  when  the  excitation  field  is  interact¬ 
ing  with  the  scatterer,  followed  immediately  by  a  late-time 
period  during  wnich  the  target  oscillates  freely  [I],  (21.  The 
late-time  poition  can  be  decomposed  into  a  finite  sum  of 
damped  sinusoids  (excited  oy  an  incident  field  waveform  of 
finite  usable  bandwidth),  oscillating  at  frequencies  determined 
purely  by  target  geometry.  The  natural  resonance  behavior  of 
the  late-time  portion  of  the  scattered  field  response  can  be 
utilized  to  provide  an  aspect-independent  means  for  radar 
target  discrimination  [3|-[7|. 

An  extinction  pulse  (£-pulse)  is  defined  as  a  finite  duration 
waveform  which,  upon  interaction  with  a  particular  target, 
eliminates  a  preselected  portion  of  the  target's  natural  mode 
spectrum  By  basing  £-pulse  synthesis  on  the  target  natural 
frequencies,  the  £-pulse  waveform  is  made  aspect-indepen¬ 
dent. 

Discrimination  is  accomplished  by  convolving  an  £-pulse 
waveform  with  the  measured  late-time  scattered  field  response 
of  a  target.  If  the  scattered  field  is  from  the  anticipated  target, 
the  convolved  response  will  be  composed  of  an  easily 
interpreted  portion  of  the  expected  natural  mode  spectrum.  If 
the  target  is  different  from  that  expected,  a  portion  of  its 
dissimilar  natural  mode  spectrum  will  be  extracted,  resulting 
in  an  unexpected  convolved  response. 

This  paper  will  consider  the  construction  of  two  types  of  £- 
pulse  waveforms.  The  first  is  designed  to  eliminate  the  entire 
finite  expected  natural  mode  spectrum  of  the  target,  and  the 
second  to  extract  just  a  single  mode.  Both  time  and  frequency 
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II.  Time  Domain  Synthesis 

Assume  that  the  measured  time  domain  scattered  field 
response  waveform  of  a  conducting  radar  target  can  be  written 
during  the  late-time  period  as  a  finite  sum  of  damped  sinusoids 


r(l )=  £  ane"«'  cos  (u>„f  +  0„),  t>T,  (1) 

n  -  I 


where  a„  and  <t>„  are  the  aspect  dependent  amplitude  and  phase 
of  the  n'th  mode.  T )  describes  the  beginning  of  late  time,  and 
only  N  modes  are  assumed  to  be  excited  by  the  incident  field 
waveform.  Then,  the  convolution  of  an  £-pulse  waveform  e(r) 
with  the  measured  response  waveform  becomes 

c{l)  =  e(t)*r(t) 

=  f  eU')r(t-r)  dt' 

Jo 

,v 

=  2  ane°n'IAn  cos  (U3„l  +  </>„)  +  £„  Sin  (u>„ f  +  (*>„)|. 

n  =  I 

t>TL  =  T:+Te  (2) 


where 


e(t‘)e 


°n'' 


(3) 


and  Te  is  the  finite  duration  of  e{t) 

Two  interesting  waveforms  are  now  considered.  Construct¬ 
ing  r(r)  to  result  in  c(f)  =  0 ,  f  >  T,  ,  requires 


An  =  Bn~0,  1  sn<N.  (4) 


This  approach  was  considered  in  (3).  In  addition.  e(l)  can  al so 
be  constructed  so  that  c(f)  is  composed  of  just  a  single  m<xfc 
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HOlHWhLL  ei  al  £  PULSF.  SYNTHESIS  AND  TARGET  DISCRIMINATION 

Id  this  case  e(t)  is  termed  a  “single  mode  extraction  signal." 
as  discussed  in  (5|-(7|.  If  the  specific  value  of  the  phase 
constant  of  cU)  is  unimportant.  e(/)  can  be  synthesized  by 
demanding 

A„  =  B„  =  0,  I  <  n  <  iV,  n*/n  (5) 

to  excite  the  m'th  natural  mode.  On  the  other  hand,  requiring 

A „  =  B„  =  0,  1  < n  <  N,  n*m 

A, „  =  0  (6) 

results  in 

c(f )  -  c,(/)- ame"'"lB,„  sin  (w,„/  +<t>,„)  (7) 

and  requiring 

=  I  < n < /V,  n*m 

B, „  -  0  (8) 

y  icltls 

c V)  -  f,  (/)  =  a,„e""''A,„  cos  (u >,„l  +  (9) 

The  /-.'  pulse  resulting  from  (5)  is  termed  a  "sin/cos"  single 
mode  extraction  waveform,  since  c(t)  contains  both  sine  and 
cosine  components.  Similarly  (6)  results  in  a  "sine"  and  (8)  a 
“cosine"  single  mode  extraction  waveform  With  the  proper 
normalization  of  e(i)  (giving  A,„  =  B,„).  the  convolved 
waveforms  (7)  and  (9)  can  be  combined  to  yield  plots  of  the 
m'th  mode  frequencies  versus  time,  via 
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or.  equivalently, 

E(sn)  =  £(5*1  =  0,  1  <  n  <  /V.  (16) 

In  addition,  a  sin/cos  m'th  mode  extraction  waveform  can  be 
synthesized  via 

E(sn)  =  E(s*)  =  0,  l<n<iV,  n*m  (17) 
while  a  sine  m'th  mode  extraction  waveform  requires 
£(s„)  =  £(s*)  =  0,  1  <  zr  <  TV,  n*m 

£(5m)=  -E(s*)  (18) 

and  a  cosine  m'th  mode  extraction  waveform  necessitates 
E(s„)  =  £(f*)  =  0,  l<n<N,  n*m 

£(sm)  =  £($*).  (19) 

It  is  easily  shown  that  the  frequency  domain  and  time 
domain  requirements  for  synthesizing  an  £-pulse  are  identical. 
By  expanding  the  exponential  in  (12),  one  can  show  that  (17). 
(18),  and  (19)  are  equivalent  to  (5).  (6).  and  (8).  respectively. 

A  significant  benefit  of  using  a  frequency  domain  approach 
comes  via  the  increased  intuition  allowed  by  ( 1 1 ).  When  an  £- 
pulse  waveform  is  convolved  with  the  measured  response  of 
an  unexpected  target,  the  amplitudes  of  the  resulting  natural 
mode  components  are  determined  by  evaluating  the  magnitude 
of  the  spectrum  of  e(t)  at  the  natural  frequencies  of  the  target 
(a  result  of  the  Cauchy  residue  theorem).  Thus,  the  £-pulse 
spectrum  becomes  the  key  tool  in  predicting  the  success  of  £- 
pulse  discrimination. 


IV.  £-Pulsf.  Synthesis  Using  Frequency  Domain  Approac  h 

To  implement  the  £-piflse  requirements,  it  becomes  neces¬ 
sary  to  represent  the  waveform  mathematically  Let  e(/)  be 
composed  of  two  components 

e(t)  =  ef(t)  +  e'(t).  (20) 

Here  e'(t)  is  a  forcing  component  which  excites  the  target, 
and  er(t)  is  an  extinction  component  which  extinguishes  the 
response  due  to  e/(t)  The  forcing  component  is  chosen 
freely,  while  the  extinction  component  is  determined  by  first 
expanding  in  a  set  of  basis  functions 


*'(/)=£  «*,/«(')  (21) 
m  •  I 


and  then  employing  the  appropriate  £-pulsc  conditions  from 
Section  III.  For  an  £-pulse  designed  to  extinguish  all  of  the 
modes  of  the  measured  response,  using  (16)  results  in  the 
matrix  equation 


£:(s,) 

F:{Sv) 

F:(s*) 


F,(st)  F:(s*) 
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where 

Fm(s)  =  £  {/„(!)} 

£/(s)  =  <£  { ef(t))  (23) 

and  M  =  IN  is  chosen  to  make  the  matrix  square.  Similar 
equations  can  be  constructed  to  accomodate  the  requirements 
given  by  (17),  (18),  or  (19). 

As  in  (3),  two  types  of  E-pulses  can  be  easily  identified. 
When  ef(t)  *  0,  the  forcing  vector  on  the  right-hand  side  of 
(22)  is  nonzero,  and  solutions  for  the  basis  function  amplitudes 
exist  for  any  choice  of  £-pulse  duration,  T„  which  does  not 
cause  the  matrix  to  be  singular.  In  contrast,  when  e/(T)  =  0 
the  matrix  equation  becomes  homogeneous,  and  solutions  for 
e'(t)  exist  only  for  specific  durations  Te,  which  are  calculated 
by  solving  for  the  zeros  of  the  determinantal  equation.  The 
former  type  of  £-pu!se  is  termed  “forced"  and  the  latter 
“natural."  Since  a  natural  E-pulse  has  no  forcing  component, 
it  is  viewed  as  extinguishing  its  own  excited  response. 

The  frequency  domain  approach  makes  it  possible  to 
visualize  an  improved  E-pulse  waveform  whose  spectrum  has 
been  shaped  to  accentuate  the  response  of  a  known  target.  For 
example,  by  using  damped  sinusoids  or  Fourier  cosines  as 
basis  functions  in  the  E-pulse  expansion,  it  is  possible  to 
concentrate  the  energy  of  the  E-pulse  near  prechosen  fre¬ 
quencies,  and  enhance  the  single  mode  response  of  a  particular 
target  [4|. 

V.  Calculation  of  Pulse  Basis  Function  Amplitudes 

A  very  useful  application  of  the  frequency  domain  approach 
results  from  using  subsectional  basis  functions  in  (21).  Let 

g(r-[m-l|A),  (w-l)A<r<wA 
0,  elsewhere 

(24) 

where  g(t)  is  an  arbitrary  (but  Laplace  transformable)  func¬ 
tion.  and  A  is  the  pulse  width.  Then 


Fig  I.  Aluminum  jircrull  models  ol  Bi>emg  707  del!!  and  MtDonncll 
Douglas  F- 1 8  used  in  Ihe  experiment.  Note  ihai  the  models  are  noi  in  ihe 
same  scale,  bul  rather  are  ol  similar  physical  size 


V) 


Fig  2  Natural  rectangular  pulse  lunction  based  first  mode  extraction 
scavelnrnis  lor  the  Boeing  707  aireralt  model 

when  the  determinant  of  the  matrix  is  zero.  As  the  determinant 
is  of  the  Vandermonde  type  |8|.  the  condition  for  a  singular 
matrix  can  be  calculated  easily  as 


F,„{s)  =  |  g(/-[m-l]A)e  "  di 

=  E,(s)  (25) 

and  the  matrix  equation  (22)  can  be  written  for  the  case  of  the 
natural  E-pulse  as 


n  -  •••  -r  2  v  - 1 

Of  I 

i  ...  *2.v- 1 

lev  A.  s  <  V 

a: 

l  (zf)2  •"  Uf)2v_l 

1  2*  (Z*)2  •••  (Z*)2"-' 

aos 

_  .  _ 

where 

(27) 

Equation  (26)  is  homogeneous,  and  thus  has  solutions  only 


A  =  —  ,  p=  1,  2,  3,-  •  \<k<N.  (28) 

Thus,  the  duration  of  the  E-pulse  depends  only  on  the 
imaginary  part  of  one  of  the  natural  frcqueneics.  Wuh  ^ 
determined,  the  basis  function  amplitudes  can  be  calculated 
using  Cramer's  rule  and  the  theory  of  determinants  |9|  as 

«,„  =  (  -  l)mP,;s  . .  (29) 

where  P„  ,  is  the  sum  of  the  products  n  -  /  at  a  time,  without 
repetitions,  of  the  quantities  c, ,  z*.  z;,  •  •  • ,  z*. 

Note  that  gU)  does  not  appear  in  this  analysis,  and  thus  the 
resulting  pulse  amplitudes  are  independent  of  the  individual 
pulse  shapes.  However,  when  discriminating  between  differ¬ 
ent  targets.  g(r)  manifests  itself  through  the  term  E,(s). 

VI.  Experimental  Results 

This  section  will  address  two  important  topics  First 
discrimination  between  two  similar  aircraft  models  will  he 
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time  in  nanoseconds  time  in  nanoseconds 

Fig  3  Single  mode  angular  frequency  and  damping  coefficient  extracted  from  the  convolved  outputs  of  the  first  mode  extraction 

signals  for  the  707  target  and  the  707  measured  response. 


time  in  nanoseconds  time  in  nanoseconds 

Fig  4  Singular  mode  angular  frequency  and  damping  coefficient  extracted  from  the  convolved  outputs  of  the  fourth  mode 
extraction  signals  for  the  707  target  and  the  707  measured  response. 


demonstrated  using  single  mode  extraction  waveforms.  Sec-  using  (18)  and  (19)  together  with  (24)  to  extract  the  first  and 

ond.  the  aspect  independence  of  the  £-pulse  technique  will  be  fourth  modes  of  the  707.  The  first  mode  waveforms  are  shown 

confirmed  using  the  same  two  models.  in  Fig.  2.  Discrimination  between  the  F-18  and  the  707  can  be 

The  measured  near  field  responses  of  simplified  McDonnel  accomplished  by  convolving  the  £-pulse  waveforms  with  each 

Douglas  F-18  and  Boeing  707  aircraft  models  have  been  of  the  measured  aircraft  responses.  If  the  £-pulses  are 

published  previously  [3].  The  models  are  constructed  of  convolved  with  the  expected  (707)  response,  the  result  should 

aluminum,  and  are  shown  in  Fig.  I.  The  dominant  natural  be  either  a  pure  first  or  fourth  mode  damped  sinusoid.  If  the  £- 

frequencies  have  been  extracted  from  the  late-time  portions  of  pulses  are  convolved  with  the  unexpected  (F-18)  response,  the 

the  responses  using  a  continuation  method  (10).  W  ith  these,  result  will  be  an  unrecognizable  conglomeration  of  the  modes 

pulse  function  based  natural  sine  and  cosine  single  mode  of  the  unexpected  target. 

extraction  waveforms  of  minimum  duration  can  be  constructed  Figs.  3-6  show  the  results  of  convolving  the  707  £-pulses 


radians  —  radians 
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time  in  nanoseconds  time  In  nanoseconds 


■  5.  Single  mode  angular  frequency  and  damping  coefficient  extracted  from  the  convolved  outputs  of  the  first  mode  extraction 
signals  for  the  707  target  and  the  F- 1 8  measured  response. 


time  In  nanoseconds  time  in  nanoseconds 


Fig.  A  Single  mode  angular  frequency  and  damping  coefficient  extracted  from  the  convolved  outputs  of  the  fourth  mode  extraction 

signals  for  the  707  target  and  the  F- 1 8  measured  response 
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ttai  (m)  tt«t  (n) 

(C)  (d) 


Fig.  7.  Convolved  outputs  of  F-18  £-pulse  and  pulse  responses  of  F-18  model  measured  at  (a)  0'  aspect  angle,  (b)  30*  aspect  angle, 

(c)  45*  aspect  angle,  (d)  60’  aspect  angle. 


with  both  the  707  and  F-18  responses.  These  frequency  plots  of  the  707  and  F-18  models  with  the  fuselage  axes  aligned  at 

are  obtained  from  the  actual  convolved  waveforms  by  using  various  angles  with  respect  to  the  transmitting/receiving 

( 10).  The  dotted  lines  represent  the  slopes  of  the  expected  first  antenna  configuration.  Two  natural  rectangular  pulse  based  £- 

or  fourth  mode  frequencies.  It  is  seen  that  the  frequency  plots  pulses  of  minimum  duration,  one  designed  to  eliminate  all  of 

for  the  expected  target  (Figs.  3  and  4)  parallel  the  expected  the  modes  detected  in  the  707  responses  and  one  designed  to 

frequency  lines  in  the  late-time,  while  those  for  the  unexpected  eliminate  all  the  modes  in  the  F-18  responses,  are  then 

target  (Figs.  5  and  6)  do  not.  Thus,  the  707  and  the  F-18  are  constructed  according  to  (28)  and  (29). 

easily  discriminated.  Convolution  of  the  707  and  F- 1 3  E-pulses  with  each  of  the 

It  is  also  quite  important  to  verify  c  ,perimentaliy  the  aspect  measured  aircraft  responses  yields  the  results  shown  in  Figs, 

independence  of  the  £-pulse  technique.  To  accomplish  this,  7-10.  It  is  apparent  from  Fig.  7  that  convolving  the  F-18  £- 

measurements  have  been  made  of  the  near-field  pulse  response  pulse  with  the  measured  F-18  response  gives  a  waveform  wuh 
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(c)  (d) 

Fig.  8  Convolved  outputs  of  B707  £-pulse  and  pulse  responses  of  B707  model  measured  at  (a>  0'  aspect  angle,  (b)  30*  aspect  angle. 

(c)  90*  aspect  angle,  (d>  180*  aspect  angle. 


negligible  amplitude  in  the  late  time,  regardless  of  the  aspect 
angle.  Similar  results  are  obtained  in  Fig.  8  when  the  707  im¬ 
pulse  is  convolved  with  the  707  measured  response.  In 
contrast.  Figs.  9  and  10  reveal  that  when  the  707  £-pulse  is 
convolved  with  any  F-18  response,  or  when  the  F-18  £-pulse 
is  convolved  with  any  707  response,  the  late-time  portion  of 
the  resulting  waveform  has  significant  amplitude.  Thus, 
discrimination  between  the  two  aircraft  models  is  possible 
regardless  of  the  target  aspect. 

The  experimental  results  suggest  the  feasibility  of  an  £- 
pulse  target  discrimination  scheme  which  utilizes  both  a 
waveform  designed  to  eliminate  all  the  modes  of  a  target  and  a 
set  of  waveforms  designed  to  extract  various  individual  target 
modes.  This  technique  integrates  the  single  mode  extraction 
concept  and  the  usual  £-pulse  technique  into  a  scheme  which 


has  a  greater  potential  for  accurate  target  discrimination 
decisions. 

VII  Conclusion 

The  £-pulse  radar  target  discrimination  concept  has  been 
expanded  upon,  incorporating  single  mode  extraction  wave¬ 
forms  into  an  integrated  technique.  Both  time  and  frequency 
domain  analyses  have  been  included,  and  their  equivalence 
demonstrated.  The  frequency  domain  viewpoint  is  helpful  for 
interpreting  £-pulse  discrimination,  and  it  has  been  applied  to 
pulse  basis  function  amplitude  calculation. 

Experimental  results  obtained  using  aircraft  models  have 
demonstrated  the  validity  of  radar  target  discrimination  based 
on  single  mode  extraction  waveforms.  Most  importantly, 
experimental  evidence  has  also  shown  the  £-putse  technique  io 
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(c) 


(d) 


Fig.  9.  Convolved  outputs  of  B707  £-pulse  and  pulse  responses  of  F- 18  model  measured  at  (a)  0*  aspect  angle,  (b)  45*  aspect  angle 

(c)  90’  aspect  angle,  (d)  180*  aspect  angle. 


be  successful  regardless  of  target  aspect  angle.  This  aspect- 
independence  of  the  £-pulse  concept  is  fundamental  for  its 
application  to  practical  situations. 
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(a)  (b) 


Fig  10  Convolved  outputs  of  F-18  £-pulse  and  pulse  responses  of  B707  model  measured  at  (a)  0"  aspect  angle,  (b)  30"  aspec* 

angle,  (c)  90*  aspect  angle,  (d)  180*  aspect  angle 
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Extraction  of  the  Natural  Frequencies  of  a  Radar 
Target  from  a  Measured  Response  Using 
is-Pulse  Techniques 

EDWARD  J.  ROTHWELL,  member,  ieee,  KUN-MU  CHEN,  fellow,  ieee,  and  DENNIS  P.  NYQUIST,  member,  ieee 


Abstract—  A  new  scheme  is  introduced  (or  extracting  the  natural 
resonance  frequencies  of  a  radar  target  from  a  measured  response.  The 
method  is  based  on  the  A-pulse  technique  and  is  shown  to  be  relatively 
insensitive  to  random  noise  and  to  estimates  of  modal  content.  Verifica¬ 
tion  of  the  technique  is  accomplished  by  comparing  the  natural  frequen¬ 
cies  extracted  from  the  measured  responses  of  a  thin  cylinder  and  a 
circular  loop  with  those  obtained  from  theory.  The  applicability  of  the 
technique  to  low -Q  targets  is  also  demonstrated,  using  the  measured 
response  of  a  scale  model  aircraft. 

I.  Introduction 

ANY  RECENT  RADAR  target  discrimination  schemes 
have  utilized  the  late-time  natural  oscillation  behavior  of 
conducting  targets  [l]-[5].  These  techniques  are  based  upon 
the  assumption  that  the  late-time  scattered  field  response  of  the 
target  obeys  the  natural  mode  representation 

.V 

£,(/)=  2  a"e°n‘  cos  (u„t  +  <t>n),  t>TL  (1) 

n  a  I 

where  s„  =  a„  +  jc o„  is  the  aspect  independent  natural 
frequency  of  the  nth  target  mode,  a„  and  <t>„  are  the  aspect  and 
excitation  dependent  amplitude  and  phase  of  the  nth  target 
mode,  Tl  describes  the  beginning  of  the  late-time  period,  and 
the  number  of  modes  in  the  response  N  is  determined  by  the 
finite  frequency  content  of  the  waveform  exciting  the  target. 

Since  the  natural  frequencies  of  the  target  are  aspect 
independent,  they  form  an  ideal  set  of  discriminants.  Employ¬ 
ing  thir  set  requires  the  knowledge  of  the  natural  frequencies 
of  a  wide  variety  of  targets.  As  a  theoretical  determination  of 
the  natural  frequencies  of  a  complex  target  is  impractical,  it 
becomes  necessary  to  develop  a  scheme  for  extracting  the 
frequencies  from  a  measurement  of  the  response  of  the  target. 

A  typical  approach  might  use  Prony’s  method  [6],  [7J. 
Although  this  technique  is  simple  and  efficient,  it  has  been 
found  to  be  overly  sensitive  to  random  noise  and  to  the  number 
of  modes  assumed  to  be  present  in  the  measured  response.  A 
nonlinear  least  squares  curve-fitting  scheme  can  overcome 
these  drawbacks,  but  requires  a  time  consuming  minimization 
involving  4N  variables  [8]. 

Manuscript  received  Februxry  12,  1986;  revised  June  2.  1986.  This  work 
was  supported  by  the  Naval  Air  Systems  Command  under  Contract  N00019- 
85-CTVtl  |  and  by  the  Office  of  Naval  Research  Grant  N000I4-87-K-0024 
The  authors  are  with  the  Department  of  Electrical  Engineering  and  Systems 
Science.  Michigan  State  University,  East  Lansing,  MI  48824 
IEEE  Log  Number  8714667. 


In  this  paper  an  alternative  scheme  is  proposed,  utilizing  £- 
pulse  waveforms.  It  will  be  shown  that  this  approach  also 
overcomes  the  drawbacks  of  Prony’s  method,  but  is  more 
efficient  than  nonlinear  curve-fitting.  The  scheme  was  first 
introduced  in  [12]  and  [15],  and  is  based  on  the  frequency 
domain  £-pulse  concept  first  discussed  in  [14], 

II.  The  £-pulse  Technique 

An  extinction-pulse  (£-pulse)  e(t)  is  defined  as  a  waveform 
of  finite  duration  Tt  which  extinguishes  £*(/)  in  the  late  time 
[1].  That  is,  convolution  of  e(t)  and  E*(t)  yields  the  null  result 

c(r)  =  e(t)*Es(t)-  T'  e(t')Es(t-t')  dt'  =0, 

Jo 

t>  tl+ Tt.  :2) 

Using  the  natural  mode  representation  for  Es{t)  allows  (2)  to 
be  written  as 

N 

c(0=2  \E(s»)\‘*ne°'’1  cos  (w„f  +  i/'„)  =  0,  t>TL  +  Te 

n  -  I 

(3) 

where  \pn  is  a  new  phase  factor  and  E(s)  is  the  Laplace 
transform  of  e(t) 

E(s)  =  £{e(t)}  =  \  '  e(t)e~sl  dt.  (4) 

Jo 

If  the  natural  frequencies  of  a  target  are  known,  an  £-pulse  for 
that  target  can  be  synthesized  by  demanding 

£(5„)  =  £(s;)  =  0,  1  <knzN  (5) 

and  the  convolution  (3)  will  yield  zero  regardless  of  the  aspect 
angle  of  the  target  for  which  E\t)  is  measured. 

Conversely,  if  the  natural  frequencies  of  a  target  are 
unknown,  they  can  be  extracted  from  the  measured  Es(t)  by 
solving  the  integral  equation  given  by  (2).  This  equation  can 
either  be  solved  directly  for  the  complex  frequencies  used  to 
construct  e(t)  or  for  e(t)  itself.  If  e(t)  is  determined,  the 
complex  frequencies  eliminated  by  e(t)  can  be  found  by 
locating  the  roots  to  [12] 

E(s)  =  0.  (6) 
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An  E-pulse  waveform  can  be  represented  as  an  expansion 
over  a  set  of  basis  functions  {/*(/)} 

*/*(')  (7) 

km  | 

where  a*  are  the  basis  function  amplitudes.  Then,  the 
requirements  (5)  result  in  a  matrix  equation  for  the  real 
amplitude  parameters  ak.  Choosing  K  =  2 N  results  in  a 
homogeneous  equation  which  has  solutions  only  at  discrete 
values  of  Te. 

The  difficulty  associated  with  locating  all  the  roots  of  (6) 
can  be  overcome  by  choosing  subsectional  basis  functions  in 
the  E-pulse  expansion 

f(t\- f  *(*“[*- UA),  (Ar-  l)A<t<kA  R 

elsewhere  (8) 

resulting  in  the  E-pulse  shown  in  Fig.  1.  Here  g(t)  is  any 
Laplace-transformable  function.  The  E-pulse  spectrum  is  then 
easily  Calculated  as 

E(s)  =  Fl(s)e'*  2  a**"**  (9) 

t  •  I 

where  E,(s)  is  the  Laplace  transform  of  the  first  basis 
function.  Now  the  roots  to  E(s)  are  easily  found  by  solving 
the  polynomial  equation 

2  a*Z‘  =  0  (10) 

* » i 

where 

Z  =  e~s*.  (11) 

This  set  of  functions  also  allows  a  simple  calculation  of 
duration  Te  when  synthesizing  E-pulses.  It  has  been  shown  [9] 
that  the  solutions  to  the  homogeneous  matrix  equation  de¬ 
manded  by  (5)  are 

A  =  — ,  lzksN,  p=l,  2.  3,  •••.  (12) 

w* 

III.  Solutions  to  the  Integral  Equation 

Solutions  to  the  integral  equation  (2)  have  been  obtained 
using  two  different  methods.  The  first  approach  is  to  minimize 

cHt)  =  [e(t)*E‘{t)]2  (»3) 


e(t) 


latter  minimization  is  computationally  less  intensive,  since  a 
new  E-pulse  need  not  be  created  at  each  step  in  the 
minimization,  but  it  requires  a  normalization  scheme  to 
prevent  the  trivial  solution  ak  =  0. 

The  integral  equation  can  also  be  solved  by  using  the 
method  of  moments  [10].  The  E-pulse  is  expanded  as  in  (7) 
and  moments  are  taken  with  a  set  of  weighting  functions 

{ wm(r)} 


S  \T'fk(t')E*(t-t')dt'\  =  0 

*.i  0  ' 

m=  1,  2.  •••,  M  (14) 


where  the  brackets  (•)  indicate  the  inner  product 

(/(/),  g(t),  ,f(t)g(t)dt.  (15) 

Choosing  K  =  M  =  2 N  to  reflect  the  number  of  modes 
believed  to  be  in  Es(t)  results  in  a  homogeneous  matrix 
equation  for  the  basis  function  amplitudes,  a  solution  to  which 
is  possible  only  at  discrete  values  of  T,  which  cause  the 
determinant  of  the  matrix  of  coefficients  to  vanish.  By 
choosing  subsectional  basis  functions  (8)  an  estimate  for  the 
natural  frequencies  in  Es(t)  is  found  by  solving  (10). 

With  either  of  the  two  approaches,  the  amplitudes  and 
phases  of  the  natural  modes  comprising  E*(t)  can  be  found  as  a 
last  step  by  using  linear  least  squares. 


IV.  Discussion  of  the  Methods 


over  the  range  of  t  corresponding  to  the  late-time  period  of  the 
convolution,  t  >  TL  +  T,.  This  can  be  done  either  with 
respect  to  the  complex  frequencies  used  to  construct  the  E- 
pulse  via  (5),  or  with  respect  to  the  basis  function  amplitudes 
used  to  construct  e(t)  via  (7).  If  minimization  is  done  with 
respect  to  the  complex  frequencies,  then  the  estimated  values 
of  the  natural  frequencies  contained  in  E'(t)  are  available 
directly  at  the  minimum  point.  If  minimization  is  done  with 
respect  to  the  basis  function  amplitudes,  then  estimates  of  the 
natural  frequencies  in  E’(t)  are  obtained  by  solving  (6)  or  (10) 
using  the  values  of  ak  obtained  at  the  minimum  point.  The 


The  major  benefit  of  each  of  the  two  E-pulse  methods  is  that 
they  overcome  the  sensitive  if  Prony’s  method  to  noise  and 


to  estimates  of  modal  co 
approach  requires  a  compi 
riable  minimization  procc 
phases  are  not  involved  thi 
is  only  2 N,  compared  to 
only  half  the  number  of  ii 


.  Although  the  minimization 
nally  time  consuming  multiva- 
because  the  amplitudes  and 
number  of  parameters  utilized 
>r  nonlinear  curve-fitting,  and 
guesses  are  needed  for  starting 


the  minimization.  On  the  liner  hand,  the  moment  method 
approach  is  extremely  efficient;  no  minimization  scheme  is 
required,  only  a  search  for  the  single  parameter  T,. 
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The  insensitivity  of  these  two  approaches  to  the  number  of 
modes  estimated  to  be  present  in  Es(t)  leads  to  a  particularly 
useful  scheme.  Extraction  of  the  frequencies  in  £*(/)  may 
begin  by  assuming  a  small  number  of  modes  (usually  one)  to 
be  present.  For  the  methods  requiring  minimization,  the 
frequencies  extracted  with  a  small  number  of  modes  assumed 
present  prove  to  be  very  good  initial  guesses  for  the  case  when 
more  modes  are  assumed  present.  For  the  moment  method, 
because  of  the  relationship  (12),  the  value  of  T,  obtained 
allows  an  excellent  estimate  of  the  Tt  to  expect  with  more 
modes  allowed. 

The  reasons  for  the  success  of  the  £-pulse  method  in  the 
presence  of  random  noise  can  be  identified  by  investigating  the 
relationship  between  Prony’s  method  and  the  moment  method 
approach  to  the  E-pulse  technique.  By  choosing  impulses  for 
both  expansion  and  weighting  functions  in  (14)  and  taking  K 
-  M  +  1,  an  inhomogeneous  matrix  equation  results.  The 
matrix  can  be  solved  directly  for  a*  and  the  natural  frequencies 
contained  in  Es{t)  estimated  by  solving  (10).  Such  an  approach 
is  found  to  be  identical  in  all  respects  to  Prony’s  method. 

Because  of  the  discrete  nature  of  the  convolution  integral, 
each  of  the  matrix  entries  and  the  right  hand  side  vector 
elements  are  merely  a  single  sampled  value  of  the  measured 
waveform.  Thus,  Prony's  method  is  very  sensitive  to  noise 
contamination  of  E\t)  and  so  is  an  inherently  ill-conditioned 
algorithm  (see  (16]).  The  moment  method  approach  can  be 
viewed  as  a  generalization  of  the  basic  Prony's  method,  where 
preprocessing  of  the  measured  data  is  naturally  introduced. 
The  preprocessing  step  can  be  incorporated  in  two  places, 
individually  or  simultaneously,  each  of  which  works  to  reduce 
the  noise  sensitivity  of  the  technique.  First,  by  utilizing 
expansion  functions  which  together  span  the  E-pulse  duration 
Tt  (such  as  rectangular  pulses),  the  convolution  integral  in 
(14)  performs  a  moving  window  type  smoothing  of  the 
measured  data.  Second,  by  using  weighting  functions  which 
together  span  the  late-time  region  of  the  convolution,  the  inner 
product  integral  (15)  introduces  additional  smoothing.  Al¬ 
though  the  numerical  examples  presented  below  utilize  im¬ 
pulse  functions  for  weighting,  preliminary  results  using 
rectangular  pulses  indicate  an  additional  reduction  in  noise 
sensitivity. 

The  result  of  preprocessing  the  measured  data  is  matrix 
elements  which  are  each  a  function  of  a  large  portion  of  the 
measured  data.  Consequently,  solutions  are  less  sensitive  to 
the  perturbation  of  individual  sampled  values  of  £*(/),  and  so 
the  E-pulse  technique  is  a  better  conditioned  algorithm. 
Further  noise  reduction  capabilities  can  be  introduced  by  using 
basis  functions  that  individually  span  T,  (such  as  Fourier 
cosines)  and/or  weighting  functions  that  individually  span  the 
late-time  of  the  convolution,  involving  even  more  of  the 
measured  data  in  each  matrix  element.  However,  choosing 
basis  functions  which  are  not  subsectional  complicates  the 
search  for  zeroes  of  the  E-pulse  spectrum,  since  (10)  can  no 
longer  be  used. 

One  last  distinction  between  Prony’s  method  and  the  £- 
pulse  techniques  is  the  manner  in  which  the  E-pulse  duration 
T,  is  selected.  Whereas  in  Prony's  method  T,  is  determined 
solely  by  the  sampling  interval  (so  that  discrete  convolution 


may  be  performed),  in  the  E-pulse  technique  Tt  is  linked 
directly  to  the  natural  frequencies  contained  in  the  measured 
response. 

When  minimizing  with  respect  to  the  natural  frequencies, 
the  duration  of  the  E-pulse  convolved  with  the  data  is  chosen 
to  be  the  smallest  allowed  by  (12).  Note  that  this  is  given  by 

( Te)mm  =  2N  —  (16) 

where  w*  is  the  largest  value  of  «  present  among  the  natural 
frequencies  in  the  response.  This  choice  results  in  the  largest 
amount  of  the  late-time  convolved  response  used  in  minimiz¬ 
ing  c\t).  As  the  frequencies  change  during  the  minimization 
process  the  duration  will  change  as  well,  but  it  is  always 
related  through  (16). 

When  minimizing  with  respect  to  the  basis  function  ampli¬ 
tudes,  the  E-pulse  duration  is  allowed  to  be  a  free  variable. 
However,  at  each  step  the  basis  function  amplitudes  represent 
an  E-pulse  which  eliminates  a  certain  set  of  natural  frequen¬ 
cies,  and  the  duration  is  tied  to  those  frequencies  via  (12). 

In  employing  the  moment  method,  the  E-pulse  duration  is 
the  only  free  parameter.  When  a  zero  of  the  determinantal 
equation  is  located,  it  will  again  be  tied  to  the  natural 
frequencies  eliminated  by  the  E-pulse  through  (12).  As 
before,  it  is  prudent  to  search  for  the  smallest  value  of  T, 
which  satisfies  the  determinantal  equation  since  this  results  in 
the  longest  late-time  portion  of  the  convolution. 

As  a  last  note,  the  E-pulse  technique  as  a  whole  should  not 
be  considered  just  a  generalization  of  Prony’s  method.  For 
instance,  the  minimization  with  respect  to  natural  frequencies 
approach  completely  avoids  the  second  step  in  Prony’s 
method— solving  a  polynomial  equation  for  the  natural  fre¬ 
quencies  (which  itself  can  be  an  ill-conditioned  problem).  In 
the  moment  method  approach  a  different  choice  of  basis 
functions  requires  finding  not  the  roots  of  a  polynomial,  but 
those  of  a  sum  of  different  functions  altogether. 

V.  Examples 

As  a  simple  numerical  example,  Fig.  2  shows  the  theoretical 
impulse  response  of  a  thin  cylinder  oriented  at  30°  with 
respect  to  the  incident  field,  constructed  using  the  first  eight 
natural  frequencies  of  the  cylinder  [II].  An  attempt  will  be 
made  to  extract  these  frequencies  from  the  response  using  the 
E-pulse  techniques. 

To  simulate  a  practical  situation,  this  waveform  is  sampled 
at  500  points.  The  convolution  indicated  in  (2)  is  then  earned 
out  by  interpolating  linearly  between  sampled  points,  and 
analytically  integrating  the  product  of  the  linear  curve  and  the 
mathematical  representation  of  the  basis  functions  from  (8). 
To  keep  the  integrals  simple,  rectangular  pulse  basis  functions 
are  used  throughout. 

The  minimization  schemes  utilize  standard  Newton's 
method  and  thus  require  initial  guesses.  For  minimization  with 
respect  to  the  complex  frequencies,  initial  guesses  for  a„  and 

are  required.  These  can  often  be  obtained  from  the  Fourier 
spectrum  of  Es{t)  via  the  fast  Fourier  transform  (FFT).  For 
minimization  with  respect  to  the  basis  function  amplitudes. 
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Fig.  2. 

initial  guesses  are  required  for  ak.  Anticipating  these  values  is 
difficult,  since  intuition  is  lacking.  However,  a  good  guess  for 
the  amplitudes  can  be  obtained  by  constructing  at  the  first  step 
an  £-pulse  based  on  guesses  for  a„  and  <j„. 

The  number  of  basis  functions  chosen  in  the  £-pulse 
expansion  reflects  the  number  of  modes  expected— two  func¬ 
tions  for  each  mode.  If  a  dc  component  is  present  in  E‘(t)  as  an 
artifact  of  the  measurement  system,  it  can  be  effectively 
eliminated  by  utilizing  an  additional  basis  function  [9]. 

To  demonstrate  the  insensitivity  of  the  £-pulse  techniques 
to  the  number  of  modes  assumed  present  in  £*(/),  an  attempt 
will  be  made  to  extract  four  of  the  eight  frequencies  used  to 
construct  Fig.  2.  Fig.  3  shows  the  results  of  using  the  moment 
method  with  impulse  weighting  functions,  and  minimization 
with  respect  to  the  complex  frequencies.  Obviously,  the  first 
four  modes  have  been  extracted  with  very  good  precision, 
even  though  the  number  of  modes  present  has  been  drastically 
underestimated. 

To  demonstrate  the  insensitivity  of  the  £-pulse  techniques 
to  the  presence  of  random  noise,  an  attempt  will  be  made  to 
extract  the  frequencies  from  a  noisy  version  Fig.  2.  The 
amplitude  of  the  added  noise  is  chosen  to  be  10  percent  of  the 
maximum  value  of  the  waveform.  Fig.  4  shows  the  results  of 
using  tlie  same  moment  method  and  minimization  approaches, 
and  the  results  are  seen  to  be  quite  adequate.  Note  that  the 
values  of  <•>„  obtained  are  usually  much  better  than  the  values 
of  a„.  As  a  direct  comparison,  (8,  fig.  3(d)]  shows  the  natural 
frequencies  extracted  from  the  noisy  response  using  Prony’s 
method.  It  is  apparent  that  utilizing  the  £-pulse  concept 
provides  a  decrease  in  the  noise  sensitivity  of  the  extracted 
natural  frequencies. 

As  a  more  practical  example.  Fig.  3  shows  the  measured 
surface  current  response  of  a  thin  cylinder  to  a  nanosecond 
pulse  excitation  field  (see  [1]  for  a  detailed  description  of  the 
experiment).  The  measurement  system  has  sampled  this 
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response  at  a  total  of  240  points.  Fig.  6  shows  the  results  of 
extracting  the  five  dominant  natural  frequencies  using  minimi¬ 
zation  with  respect  to  the  complex  frequencies.  Rectangular 
pulse  basis  functions  have  been  used  again,  and  sampled  point 
convolution  performed  as  described  above.  The  comparison  of 
the  extracted  frequencies  to  those  given  by  theory  is  excellent. 

As  a  second  practical  example.  Fig.  7  shows  the  measured 
late-time  scattered  field  response  of  a  thin  wire  circular  loop  to 
a  nanosecond  pulse  excit  >n  field.  The  measurement  system 
has  sampled  this  wavetonii  at  1024  points.  Fig.  8  shows  the 
result  of  using  minimization  with  respect  to  the  complex 
frequencies  to  extract  the  six  dominant  natural  freqi'-v-cies. 
Also  shown  in  Fig.  8  are  the  theoretical  values  calculated 
using  a  Fourier  series  type  solution  [13].  Again,  the  frequen- 
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cies  extracted  from  the  measured  waveform  compare  quite 
well  with  the  theoretical  values. 

Lastly,  it  is  important  to  demonstrate  that  the  £-pulse 
technique  will  work  successfully  for  low-@  type  targets.  In  ( 1 , 
fig.  11]  the  measured  nanosecond  pulse  scattered  field 
response  of  a  Boeing  707  aircraft  model  is  shown,  sampled  at 
400  points.  Although  no  theory  is  available  for  predicting  the 
natural  frequencies  of  this  structure,  they  have  been  extracted 
from  the  measured  response  using  a  nonlinear  least  squares 
technique  [8J.  Fig.  9  shows  the  six  dominant  natural  frequen¬ 
cies  extracted  using  the  least  squares  approach,  and  also  those 
extracted  using  minimization  of  the  late-time  convolved 
response  with  respect  to  the  complex  frequencies  (again,  using 


rectangular  pulse  expansion  functions).  The  agreement  be 
tween  the  results  obtained  by  these  radically  different  methods 
is  very  good,  verifying  the  usefulness  of  the  £-pulse  technique 
for  low-Q  structures. 


VI.  Conclusion 

Two  new  approaches  to  extracting  the  natural  frequencies  of 
a  radar  target  have  been  presented.  They  are  based  on  the  £- 
pulse  technique,  and  have  been  shown  to  be  relatively 
insensitive  to  random  noise  and  to  the  number  of  modes 
assumed  present  in  the  measured  response.  They  have  also 
been  shown  to  work  in  practical  situations,  accurately  repro¬ 
ducing  the  expected  natural  frequencies  of  a  thin  cyclinder  and 
a  circular  loop  from  measured  values  of  their  transient 
responses.  Lastly,  the  new  methods  have  been  used  to  verify 
the  values  of  the  natural  frequencies  of;  low-Q  aircraft  model 
obtained  using  a  different  approach. 
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Appendix  5 


A  Hybrid  £-Puise/Least  Squares  Technique  for 
Natural  Resonance  Extraction 

E.  J.  ROTHWELL  and  K.  M.  CHEN 

A  new  technique  to  extract  the  resonant  frequencies  of  a  radar 
target  is  presented.  The  scheme  is  completely  automated,  with  only 
the  number  of  natural  modes  expected  and  the  beginning  of  late¬ 
time  as  inputs.  Results  using  experimental  data  demonstrate  the 
insensitivity  of  the  method  to  random  noise,  and  to  estimates  of 
modal  content.  Further,  the  technique  is  computationally  efficient, 
taking  only  a  few  minutes  to  execute  on  a  PC. 

i.  Introduction 

Recent  interest  in  using  natural  resonances  in  the  discrimination 
of  radar  targets  has  prompted  the  introduction  of  several  new 
schemes  for  extracting  natural  resonance  frequencies  from  a  mea¬ 
sured  transient  response  None  of  these  has  proven  com¬ 

pletely  adequate.  A  truly  useful  numerical  technique  should  have 
the  following  characteristics:  1)  computational  efficiency:  can  run 
on  a  microcomputer  or  work  station  in  a  short  amount  of  time;  2) 
automatic  operation:  no  need  for  user  intervention  during  long 
iterative  procedures,  and  no  initial  guesses  required;  3)  insensi¬ 
tivity  to  random  noise  and  to  estimates  of  the  number  of  modes 
present. 

This  letter  introduces  a  technique  which  will  address  all  three 
requirements.  The  recently  developed  f-pulse  scheme  (1]  was  cho¬ 
sen  as  a  starting  point  since  it  has  been  shown  to  meet  the  third 
provision. 

II.  THEORY 

Assume  that  the  late-time  measured  response  of  a  conducting 
radar  target  can  be  represented  as  a  sum  of  natural  modes 

A/ 

m(f)  *  Z  ane”‘  cos  (w„f  +  v>„),  TL  <  t  <  Tw  (1) 

n  -  1 

where  s„  »  o„  +  /w„  is  the  natural  frequency  of  the  nth  target  mode, 
a„  and  are  the  amplitude  and  phase  of  the  nth  mode.  T,  describes 
the  beginning  of  the  late-time  period,  Tw  describes  the  end  of  the 
measurement  window,  and  the  number  of  modes  in  the  response, 
N,  is  determined  by  the  finite  frequency  content  of  the  waveform 
exciting  the  target. 

An  E-pulse,  eft),  is  defined  as  a  waveform  of  finite  duration  T, 
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which  satisfies  [6] 


rtf)  -  e<f)*  m(rt  -  |  e<n  mtt  -  f')  dr  -  0. 

t>TL  +  Tr  (2) 

If  this  integral  equation  can  be  solved  for  the  unknown  f-pulse 
waveform,  then  the  complex  natural  frequencies  contained  in  mit) 
are  the  solutions  {*„}  to  Hi)  -  0,  where  £($)  is  the  Laplace  trans¬ 
form  of  e<0  {6). 

A  solution  to  (2)  can  be  obtained  by  using  the  method  of 
moments.  Expanding 

i 

e(f>  -  So*  W  (3) 

»«» 

where  {  ft}  is  an  appropriate  set  of  basis  functions,  substituting 
into  (2),  and  taking  inner  products  with  a  set  of  weighting  functions 
{wm}  gives 

£  a„  (  f  fijt,t')  mit  -  O  wm(t)  dr  dr  -  0. 

k«i  Jr-«  Jri*r, 

m  -  1,  2,  3,  •  •  •  ,  M.  (4) 

In  the  standard  E-pulse  technique,  the  selection  of  M  -  K  ■  IN, 
resulting  in  a  "natural"  f-pulse,  makes  (4)  a  homogeneous  matrix 
equation.  Solutions  for  {a*}  thus  exist  only  for  certain  values  of 
7,  which  cause  the  matrix  to  be  singular.  An  alternative  approach 
is  to  choose  M  ■  2N,  K  -  IN  +  1,  resulting  in  a  "forced"  f-pulse. 
Then  (4)  becomes  an  inhomogeneous  matrix  equation,  with  solu¬ 
tions  corresponding  to  any  choice  of  T.  which  does  not  cause  the 
matrix  to  be  singular. 

The  natural  frequencies  in  m(f)  can  be  found  most  easily  by  using 
subsectional  basis  functions  of  width  A  in  (3),  since  f(s)  =  0  then 
reduces  to  the  polynomial  equation  (1) 

X 

£  a„2k  -  0  IS) 

*•1 

where  Z  ■  exp  (-sA). 

To  maximize  computational  efficiency,  rectangular  basis  func¬ 
tions  are  used  in  (3)  while  impulse  functions  are  used  for  weighting 
(point  matching).  The  integration  on  r  in  (4)  is  then  trivial,  while  the 
integration  on  r  is  done  using  the  trapezoidal  rule. 

III.  Discussion 

In  theory,  these  techniques  should  work  for  any  choice  of  Tf. 
However,  there  are  practical  limitations  on  the  range  of  7,.  It  is 
bounded  on  the  lower  end  by  a  time  70  determined  by  the  sampling 
interval  used  to  measure  m(f),  and  on  the  upper  end  by  7„  -  7, 
from  the  limits  of  integration  in  (4).  If  natural  f-pulses  are  used, 
then  a  solution  for  7,  might  not  exist  inside  this  range  of  limits. 
Also,  extraneous  roots  are  possible,  but  there  is  no  provision  for 
describing  the  "quality"  of  a  solution.  Similarly,  if  torced  f-pulses 
are  used,  either  noise,  or  a  poor  estimate  of  N,  or  approximations 
used  in  calculating  the  integrals  in  (4),  may  result  in  one  choice  of 
7,  being  "better"  than  another. 

The  most  computationally  efficient  approach  is  to  use  forced  £- 
pulses  along  with  some  method  to  determine  the  best"  7,.  An 
easily  implemented  scheme  is  to  define  the  best  7,  as  that  which 
minimizes  the  squared  error 

t  *■  II m(r)  -  rfMfll1  -  £(m<(,)  -  rfi<f,)|J  (6) 

where  rfi(r)  is  the  reconstructed  waveform 

N 

rfrtt)  •  £  cos  (<i»r  +•  *„)  (7) 

n  •  1 

and  the  sum  is  over  sampled  values  between  7(  and  7..  Here  (s„ 
-  «„  +  /<i„)  are  the  solutions  to  (5),  and  {i„,  *„)  minimize  t  with 
7,  and  {f„}  fixed. 

IV.  Experimentai  Results 

The  pulse  response  of  a  thin  wire  circular  loop  has  been  pub¬ 
lished  previously  (1,  fig.  7],  To  test  the  sensitivity  of  the  technique 
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Ftg.  1.  Resonant  frequencies  of  thin  wire  circular  loop  extracted 
from  its  transient  pulse  response,  with  various  numbers  of  modes 
assumed  present. 


to  the  number  of  modes  assumed  present,  the  natural  frequencies 
of  the  loop  are  extracted  and  compared  in  Fig.  1  to  theory  [7]  for 
N  *  2, 4,  and  7.  Here  7t  «  3  and  7_  -  9  ns  nave  been  used.  Results 
are  seen  to  compare  quite  well  even  for  N  as  small  as  2.  Fig.  2  shows 
e  plotted  versus  7,  for  N  »  7.  The  global  minimum  is  searched  for 


Fig.  2.  Squared  error  versus  Tr  tor  circular  loop,  with  seven  modes 
assumed  present. 


Fig.  3.  Best  fit  waveform  constructed  from  extracted  natural  fre¬ 
quencies  of  circular  loop,  with  seven  modes  assumed  present. 
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automatically  between  T0  -  O.S  and  Tw  -  Tt  -  6  ns,  and  located 
at  T.  «  3.4  ns.  Note  that  reasonable  results  are  expected  over  a  fairly 
wide  range  of  T,  where  i  is  small.  The  reconstructed  waveform  (7) 
is  shown  in  Fig.  3  and  is  seen  to  faithfully  reproduce  the  measured 
data. 

To  test  the  sensitivity  of  the  scheme  to  random  noise,  the  pulse 
response  is  contaminated  by  white  Gaussian  noise,  with  zero  mean 
and  standard  deviation  3,  5,  and  10  percent  of  the  waveform  max¬ 
imum  (15, 13,  and  10  dB  S/N).  The  frequencies  extracted  from  the 
noisy  waveform  are  shown  in  Fig.  4.  Obviously,  the  presence  of 
even  10  dB  of  Gaussian  white  noise  has  little  effect  on  the  results. 


$ 
o  i 

CL 

o  j 

c  j 


0 

©. 


-a© 


9  THEORY 

no  NOISE  A00ED 
o  J5<j8  HOfSC  ADDED 
»  Md8  NOISE  AQOED 
•  i0d8  NOISE  AO  DEO 


£> 

0 


0 


. .  . 

-«  -3  -2  -l  0  l 


Damping  coefficient  in  G-Np/s 


Fig.  4.  Resonant  frequencies  of  thin  wire  circular  loop,  extracted 
with  various  amounts  of  white  Gaussian  noise  added,  and  seven 
modes  assumed  present. 


Extracting  seven  modes  from  the  above  data  took  about  5  min 
on  an  IBM  PC-XT  microcomputer.  Execution  time  depends  on  the 
number  of  data  points  used  in  (4)  and  (6)  (1024  and  150  points, 
respectively,  for  the  above  data)  and  the  number  of  iterations 
needed  to  locate  the  optimum  Tt. 
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Investigations  are  reported  of  the  effects  of  lossy  coatings  on  the  natural  frequencies  of  a  per¬ 
fectly  conducting  cylinder  with  TE  excitation.  A  general  characteristic  equation  for  extraction 
of  the  natural  frequencies  of  a  cylindrical  structure  is  developed.  It  is  found  that  the  natural  fre¬ 
quencies  are  substantially  shifted  only  when  the  coating  thickness  is  comoarable  to  the  radius 
of  the  cylinder.  When  the  conductivity  of  the  coating  material  is  high  enough,  the  behavior  of 
the  natural  modes  of  a  coated  cylinder  is  essentially  the  same  as  that  of  a  perfectly  conducting 
cylinder. 


INTRODUCTION 

The  radar  cross  section  of  c.  metallic  target  can  be  greatly 
reduced  by  coating  its  surface  with  a  layer  of  lossy  material. 
When  we  wish  to  discriminate  such  a  target  with  a  target 
discrimination  scheme,  such  as  the  E  pulse  technique  [Chen  et 
a!.,  1981, 1986;  Rothwell  et  al.,  1985],  which  is  entirely  based 
on  the  target  natural  frequencies,  it  is  important  to  know  the 
effects  of  lossy  coatings  on  the  natural  frequencies  of  the  tar- 
g«- 

Since  1971,  the  singularity  expansion  method  (SEM) 
[Baum,  1975]  has  been  regarded  as  a  powerful  method  to 
study  the  transient  electromagnetic  scattering  from  perfect 
conductors  [Tesche,  1973;  Marin,  1973],  Only  in  the  last  few 
years,  the  SEM  analysis  has  been  applied  to  a  perfectly  con¬ 
ducting  thick  cylinder  [Chuang  et  al.,  1985]  and  a  radially 
inhomogeneous  lossy  cylinder  [Tijhuis  and  Van  der  Weiden, 
1986],  But  considerably  less  attention  has  been  devoted  to  the 
SEM  analysis  of  a  coated,  perfectly  conducting  cylinder.  The 
significance  of  this  analysis  is  directly  related  to  the  available 
potential  effectiveness  of  the  E  pulse  technique  in  discrimina¬ 
tion  of  targets  coated  with  lossy  material. 

An  infinitely  long  conducting  cylinder  coated  with  a  layer 
of  lossy  material  and  an  infinitely  long  lossy  homogeneous 
cylinder  are  considered  here.  The  natural  modes  identified 
numerically  can  be  classified  into  "interior"  and  "exterior" 
types.  The  main  difference  between  an  exterior  mode  and  an 
interior  mode  involves  the  radial  behavior  of  the  scattered 
field  in  the  lossy  region.  The  field  distribution  associated 
with  an  interior  mode  behaves  as  a  standing  wave  in  the  lossy 
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region,  while  the  field  associated  with  an  exterior  mode  is 
attenuated  into  the  center  of  the  cylinder. 

It  is  shown  that  the  natural  frequencies  of  exterior  modes 
are  substantially  shifted  on  the  complex  plane  only  when  the 
coating  thickness  is  comparable  with  the  radius  of  the 
cylinder.  When  the  coating  material  is  characterized  by 
parameter  oqa  >  100  (where  a  is  the  conductivity,  q  is  the 
wave  impedance  of  free  space  and  a  is  the  radius  of  the 
cylinder),  it  has  little  effect  on  the  natural  frequencies  of  the 
exterior  modes.  In  contrast,  the  natural  frequencies  of  the 
interior  modes,  whose  existence  is  attributed  to  the  imperfect 
conducting  propraties  of  the  cylinder  or  the  lossy  coating,  are 
greatly  dependent  on  coating  thickness  and  parameters.  They 
are  shifted  upward  on  the  complex  plane  when  the  coating 
thickness  is  reduced,  and  they  are  shifted  leftward  when  the 
conductivity  is  increased.  As  a  rough  estimation,  the  interior 
modes  are  no  longer  dominant  when  the  conductivity  satisfies 
oqa  >  100,  or  the  coating  thickness  is  less  than  10%  of  the 
radius  of  the  cylinder. 

In  this  paper  a  generic  characteristic  equation  for  extraction 
of  the  natural  frequencies  of  a  coated  cylinder  is  derived.  The 
pole  distributions  and  the  pole  trajectories  of  a  number  of 
dominant  resonant  modes  are  presented. 


DERIVATION  OF  CHARACTERISTIC 
EQUATION 

Consider  a  lossy  cylinder  coated  with  a  lossy  layer,  with  the 
geometry  as  shown  in  Figure  1.  A  cylindrical  coordinate  sys¬ 
tem  is  chosen  with  z  axis  in  the  axial  direction,  and  the  space 
is  naturally  divided  into  three  regions. 

Since  we  are  interested  most  in  the  effect  of  lossy  coatings 
on  the  natural  frequencies,  only  natural  modes  associated  with 
one  polarization  of  electric  field  are  considered.  Assume  the 
incident  plane  wave  is  cross  polarized  and  strikes  the  coating 
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Fig.  1.  Geometry  of  a  lossy  cylinder  coated  with  a  lossy  layer. 


surface  at  instant  r  =  0,  then  the  waveform  of  incident  electric 
field  is  written  as: 

E‘(r,r)  =  y  U(t-(x+b)/c) F (t-(x+b)lc)  (1) 

where  F  (t )  is  the  shape  function  of  the  incident  waveform  and 
U(t)  is  the  step  function. 

In  the  Laplace  transform  domain 

E'(rj)  =  yF(j)*-*'+*)  (2) 

with  %  =  sic  and  F(s)  the  single-sided  Laplace  transform  of 

Fit). 

In  cylindrical  coordinates,  for  TE-polarized  excitation,  the 
incident  E  field  is  decomposed  into  r  and  0  components: 

E‘(r  j )  =  r  E,  (r  ,$  j )  +  ^  £  ,<r  ,4>j )  (3) 

The  H  field  has  only  a  z  component 

H'(rj)  =  z  H,(r,$j).  (4) 

Once  the  z  component  of  the  H  field  is  known,  the  E  field  is 
recovered  from 


£r  TITS**1, 

(5) 

E*=~rjwH' 

(6) 

V2//, -ftf,  =0 

(7) 

y2*  s2^*  (8) 

e*  =  e  +  y  (9) 

The  complex  wave  number  y  and  complex  permittivity  e* 
have  been  introduced. 

In  order  to  simplify  matching  boundary  conditions,  the 
incident  plane  wave  fields  are  represented  by  infinite  cylindri¬ 
cal  wave  expansions 

Ev  =  -E(r)«'^£(-lVe.  r.(w)  cos(n*)  (10) 

Hi  =  fiffia.-ifr-iy  Ci  /.(W) COS (n 4.)  (11) 

where  the  standard  cylindrical  wave  expansion 

e«~»  =  /o(r)  +  2g/t(r)cos(£0)  (12) 

has  been  used,  where  l„(s)  denotes  the  first  kind  modified 
Bessel  function,  and  Neumann’s  number  is 

(*  =  I  «=  0 

C,=  2  n  >  0 

The  scattered  fields  in  the  several  regions  are  expressed 
using  the  following  cylindrical  harmonic  expansions: 

Within  region  3, 

H.'  =  -fa.(s)Km(y<r)  cos(n*)  (13) 

£1  =  Vpo/£o  fja,.  is  )  K'„  (yy )  cos  (n$)  (14) 

where  K„is)  is  the  second  kind  modified  Bessel  function. 
Within  region  2, 

H{=-  fjfo,  (s  V.  (-ftr  )cos(n  4>)+c.  is  )K.  (yy  )cos(/i  <J>)  ]  ( 1 5) 


£l=-j^r  (s  V'.  (yy  )cos(n  4>)+c.  (s  )AT„  for  )cos(n  ♦)) 

06) 

Within  region  1, 

Hi  =  -  jr  (s )  /.  (yt  r )  cos(n  4>) 

(17) 

E%  =  jjj^is)  /'.(y,r)  cos(/i 0) 

(18) 

Here  the  complex  wave  numbers  and  complex  permittivities 
are  defined  as 

ej  =  e2  +  Oils 

(19) 

y2  =  'ls2\tZ2  +  lUJJf 

(20) 

ef  =  ei  +  o^s 

(21) 

where 
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Yt  =  Vste  I  +  HOiJ  (22) 

Four  independent  boundary  conditions  on  the  two  interfaces 
require  that 

Hi(r  =  a~)  =  H;(r  =  a*)  (23) 

£$(/•=  a-)  =  £*(»•  =  a*)  (24) 

Hi(r  =  b~)  =  H‘,(r  =  />♦)  +  //-(r  =  h+)  (25) 

E\(r=b~)  =  E\(r  =  b*)  +  Ei(r  =  b+)  (26) 

From  equations  (10)-(26),  four  simultaneous  equations  for  the 
unknowns  aK(s),bm(s),c*(s)  and  d„(s)  are  obtained  by 
enforcing  boundary  conditions  and  using  the  orthogonality  of 
the  functions  (  cos(n  <J>).  n=0,l,2,  ...  ).  The  matrix  form  of 
these  equations  is 


-/.(■ft*) 

-K.Ofti) 

0 

0 

AT.ffto) 

-A.(Yi  a) 

F(i)e'^(-l)"e<1/.(7b&) 

0 

0 


The  natural  modes  are  contributed  by  s  plane  poles  of 
a«(r),  bm(s ),  c«(r)  and  d.(r )  at  points  where  F(s)  is  regular. 
Natural  frequencies  consequently  satisfy  the  dcterminantal 
equation: 


[/.  {yjb  )Vm^MT.  (.fbby^jK,  (yob  ffth )] 

•  (/.  (Yt*  (%a  )-£.  (y,a  (^ )] 

-[VJIJ/eoAf'  *  (lbf>  )Af*  (yob  )IC ,  (fib )] 

(-^-U(yia)I\(yta)-^i-Il.(y1fl)I\(y,a))  =  0  (29) 

c2<i  tiJ 


This  equation  characterizes  a  lossy  cylinder  coated  with  a 
lossy  layer  in  free  space.  Some  simplified  expressions  for  spe¬ 
cial  cases  can  be  deduced  by  the  selection  of  a  specific  param¬ 
eter  set. 

Perfectly  conducting  infinite  cylinder 
in  free  space 

Letting  a  =b,Q\=<Si and 0i,  Oi  -* •» ,  the  generic  charac¬ 
teristic  equation  (29)  gives  rise  to  a  very  simple  form: 

Ar.(ybfl)  =  0  (30) 


Infinitely  tong  lossy  cylinder 
in  free  space 

Letting  a  =b,  and  eft  =  o2  * 0.  an  equation  characterizing 
a  lossy  cylinder  is  obtained  by  specialization  of  (29): 

/.  (Y2fl  )^UJC.  Cfta )  -  -5- AT.  (tw  )T.  (yju  )  =  0  (31) 

C2J 


Perfectly  conducting  infinite  cylinder 
coated  with  lossy  material 

Letting  a  *b,  02* 0,  and  Oi  -* «•,  the  characteristic  equa¬ 
tion  for  this  most  interesting  case  is  obtained: 

^AT.Ofth)  [  -AT. ffta )T. Cfch )  +  /'„ (y*i )AT„ (y^ )  ] 

.  Cfth  )[AT.  Cfto  )/.  (yib  K.  (yta  )AT.  (-fth  )]=0  (32) 


K.lyob)  (yd>)  -K.Cfib)  0 

--Z-r.epb)  -%-ic.cpb)  o 

CjJ 

0  /.(Tftfl)  AfaCftu)  -/.(fta) 

0  -PSr/'.(fta) 


=  0  (28) 

The  expansion  of  the  determinant  leads  to  the  general  charac¬ 
teristic  equation: 


NUMERICAL  ALGORITHM 

The  root  search  for  (32)  has  to  be  numerical  owing  to  its 
complexity  and  nonlinearity.  Special  consideration  is  devoted 
in  this  section  to  the  selection  of  the  relevant  branch  cut, 
evaluation  of  Bessel  fuctions  with  complex  arguments,  selec¬ 
tion  of  a  pole  location  algorithm,  and  numerical  consistency 
checking. 

The  occurrence  of  the  romplex  permittivity  in  parameters 
within  the  arguments  of  modified  Bessel  functions  leads  to 
branch  points  in  the  complex  s  plane.  An  examination  of  the 
complex  wave  number  %  suggests  the  existence  of  branch 
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points  at  s  =  0  and  s  =  The  associated  branch  cut 

extends  from  the  origin  to  the  point  s  =  -c2/e2  along  the  nega¬ 
tive  real  axis  in  the  s  plane  (Gin  and  Tesche,  1981].  How¬ 
ever,  an  appropriate  branch  cut  for  the  modified  Bessel  func¬ 
tion  with  a  complex  argument  lies  along  the  entire  negative 
real  axis  in  the  ft  plane  [Abramowitz  and  Stegun,  1972],  Fig¬ 
ure  2  shows  the  mapping  of  the  s  plane  to  the  ft  plane.  As 
long  as  the  point  P  does  not  move  across  the  negative  real 
axis  beyond  the  point  of  s  =  -OiJti  in  the  s  plane,  its  image 
P'  will  not  cross  the  negative  real  axis  in  the  ft  plane.  Thus 
the  negative  real  axis  in  the  s  plane  is  selected  as  the  branch 
cut,  which  is  appropriate  for  evaluation  of  Bessel  functions. 
By  referring  to  Abramowitz  and  Stegun  [1972],  integer  order 
Bessel  functions  are  regular  in  the  s  plane  cut  along  the  nega¬ 
tive  real  axis;  this  branch  cut  is  also  appropriate  for  the  entire 
characteristic  equation  (32).  The  integration  contour  fa  the 
inverse  Laplace  transform  will  be  closed  on  the  principal 
Reimann  sheet:  consequently  only  poles  residing  on  the  first 
sheet  are  implicated.  Since  the  conjugate  symmetry  of  (32) 
gives  rise  to  conjugate  symmetry  of  the  poles,  the  poles  have 
to  be  located  only  within  the  second  quadrant  without  crossing 
the  cut 

An  easy  way  to  compute  the  modified  Bessel  functions  with 
complex  arguments  is  to  represent  them  by  their  integral 
representations  [Abramowitz  and  Stegun,  1972;  Drachman 
and  Chuang,  1981].  Since  the  numerical  integration  can  be 
efficient  and  accurate,  the  calculation  of  the  Bessel  functions 
can  be  similarly  accurate.  An  associated  advantage  with  this 
approach  is  its  capability  of  using  a  normalization  procedure 
involved  in  the  pole  location.  If  an  exponential  function  with 
a  rather  large  argument  needs  to  be  computed,  arithmetic 
overflows  are  easily  encountered.  The  Bessel  functions  with 
complex  arguments  behave  asymptotically  as  exponential 
functions  when  the  argument  is  large.  An  investigation  of  the 
effects  of  lossy  media  parameters,  varying  over  a  considerably 
large  range,  upon  the  location  of  natural  mode  poles  is  impos¬ 
sible  unless  a  prenormalization  is  attempted. 


The  prenorm alization  is  performed  by  multiplying  an 
exponential  function  into  the  pole-searched  equation.  The 
multiplied  factor  to  the  characteristic  equation  does  not  give 
rise  to  new  extra  poles,  while  the  integral  evaluation  of  the 
Bessel  functions  modulated  by  an  exponential  function  is 
reduced  computationally  within  arithmetic  bounds. 

The  natural  frequencies  are  identified  by  searching  for  the 
roots  of  a  characteristic  equation.  The  approximate  location 
of  the  zeros  is  determined  by  using  an  algorithm  which  relates 
the  argument  change  of  an  analytic  function  integrated  along  a 
closed  contour  to  the  number  of  the  zeros  and  poles  of  the 
function  within  the  contour  [Singaraju  et  al„  197 6].  When 
there  are  only  zeros  in  the  searched  region,  the  algorithm  can 
be  mathematically  described  by 

^Jc  s-  F'(s)/F(s)ds  =  £(s„)»  03) 

where  F(s)  is  the  function  searched  for  zeros,  C  is  the 
integration  contour  and  s„  is  the  nth  zero  of  the  function  F  (s ) 
inside  C. 

After  the  approximate  zeros  are  determined,  they  are 
improved  in  accuracy  by  calling  the  subroutine  C05PBF. 
which  is  based  on  Powell’s  method,  from  the  Library  ol  the 
Numerical  Algorithms  Group  (NAG).  In  the  trajectory  of  a 
pole,  Newton’s  method  can  even  be  applied  as  long  as  the 
variation  rate  of  the  parameters  is  slow  enough. 

Because  of  the  numerical  complexity  of  the  charactcnsuc 
equations,  the  numerical  consistency  has  to  be  validated 
before  any  comprehensive  root  search  is  initiated.  One  easy 
numerical  test  is  made  by  coating  an  air  layer  on  a  perfectly 
conducting  cylinder.  Evidently  this  coated  cylinder  is  exactly 
the  same  as  a  perfectly  conducting  cylinder.  As  we  expect, 
the  poles  located  numerically  fa  the  air-coated  cylinder  are 
distributed  precisely  on  the  locations  where  the  poles  of  a  per¬ 
fectly  conducting  cylinder  are  supposed  to  lie. 

Another  test  involves  varying  the  conductivity  of  the  coat¬ 
ing  layer  on  a  perfectly  conducting  cylinder  from  a  finite 
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Fig.  4.  The  pole  distribution  of  a  perfectly  conducting 
cylinder. 


The  Poles  of  A  Conducting  Cylinder 


number  to  infinity.  Physically,  as  the  conductivity  is  increased 
to  very  large  values,  the  coated  cylinder  approaches  a  good 
conducting  cylinder  with  radius  b.  Figure  3 a  shows  the  tra¬ 
jectory  of  the  first  mode  of  a  coated  conducting  cylinder  with 
conductivity  varying  horn  a  small  to  a  quite  large  value.  The 
conductivity  is  increased  by  a  factor  of  1 .22  in  each  step.  The 
upper  square  gives  the  location  of  the  first  mode  of  the  per¬ 
fectly  conducting  cylinder  with  radius  a ,  and  the  lower  square 
shows  the  position  of  the  first  mode  of  a  perfectly  conducting 
cylinder  with  radius  b .  It  is  observed  that  as  the  conductivity 
is  enhanced,  the  pole  is  shifted  toward  the  location  of  a 
thicker  perfectly  conducting  cylinder.  The  looping 
phenomenon  in  Figure  3  reflects  the  fact  that  when  the  con¬ 
ductivity  of  the  coated  layer  is  gradually  increased,  the  three- 
layer  structure  undergoes  a  transition  to  a  two-layer  structure, 
and  the  natural  frequencies  are  not  expected  to  shift  along  a 
simple  trajectory.  The  test  on  the  second  mode  is  shown  in 
Figure  3b . 


NUMERICAL  RESULTS  OF  THE  POLE 
DISTRIBUTION 


Based  on  the  algorithm  discussed  above,  the  zeros  of  the 
characteristic  equations  (30)-(32)  are  located  with  a  variety  of 
parameter  sets. 


The  Poles  of  A  Lossy  Dielectric  Cylinder 


Fig.  5  .  The  pole  distribution  of  a  lossy  dielectric  cylinder  ( a 
conductivity,  e,  relative  permittivity,  T)  wave  impedance  and 
a  the  radius  of  the  cylinder ),  with  <rr|a  =  0.2  and  e,  =  5. 


The  Poles  of  A  Lossy  Dielectric  Cylinder 


Fig.  6.  The  pole  distribution  of  a  lossy  dielectric  cylinder  (o 
conductivity,  e,  relative  permittivity,  q  wave  impedance  and 
a  the  radius  of  the  cylinder),  with  oqa  =  20  and  t,  *  5. 


Fig.  7.  The  radial  amplitude  dependence  of  the  t  component  of  the  E  field.  Figure  7 a -Id  give  the  interior  modes;  Figure  le  and 
7/  give  the  exterior  modes. 
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The  Poles  of  A  Coated  Conducting  Cylinder 


CiaJc 

Fig.  8.  The  pole  distribution  of  a  coated  perfectly  conducting 
cylinder  (  a  conductivity,  £,  relative  permittivity,  q  wave 
impedance  and  a  the  radius  of  the  cylinder),  with 
b/a  -  1.5,  oqa  =  2,  and  e,  =  5. 


The  zeros  of  (30)  are  exactly  the  natural  mode  poles  cf  a 
perfectly  conducting  cylinder.  It  is  well  known  that  the  poles 
of  a  perfectly  conducting  cylinder  are  positioned  in  layers. 
Figure  4  shows  the  first  250  dominant  poles.  Later,  these 
poles  serve  as  a  reference  for  the  study  of  more  complicated 
geometries. 

The  pole  locations  for  a  lossy  cylinder  are  quite  different 
Figure  5  presents  a  typical  pole  distribution  with  a  normal 
lossy  parameter  set  The  dotted  lines  are  drawn  to  show  the 
positions  where  the  poles  of  a  perfectly  conducting  cylinder 
are  located  and  to  serve  as  the  reference  locations.  It  is  seen 
that  some  poles  are  distributed  in  layers  close  to  dotted  lines, 
but  some  poles  lying  in  arcs  are  close  to  the  imaginary  axis. 
We  call  those  poles,  close  to  the  imaginary  axis,  interior 
modes,  while  we  call  those  in  layers  exterior  modes.  Further 
study  reveals  that  the  fields  of  an  exterior  mode  inside  the 
cylinder  attenuate  radially  from  the  cylinder  surface  to  the 
center  and  the  fields  of  an  interior  mode  inside  the  cylinder 
behave  radially  as  a  standing  wave.  The  physical  insight  to 
this  difference  is  that  the  energy  losses  of  an  exterior  mode  are 
mainly  attributed  to  the  radiation  of  the  surface  current.  In 


contrast,  the  energy  losses  of  an  interior  mode  are  mainly 
attributed  to  the  power  loss  inside  the  cylinder.  This  differ* 
ence  exists  also  in  the  case  of  a  coated  perfectly  conducting 
cylinder. 

Figure  6  shows  the  poles  of  a  lossy  cylinder  with  rather  dif¬ 
ferent  parameters;  compared  to  Figure  5  the  normalized  con¬ 
ductivity  is  changed  from  0.2  to  20.  The  exterior  modes  have 
not  been  affected  very  much,  but  the  interior  modes  are 
shifted  significantly  in  the  negative  direction.  Physically,  the 
interior  modes  have  increased  power  loss  inside  the  cylinder 
with  a  higher  conductivity. 

Figure  7  illustrates  the  radial  amplitude  dependence  of  the  $ 
component  of  the  E  field.  The  angular  variation  order  is 
chosen  as  n  =  6.  The  amplitudes  of  four  interior  modes  and 
two  exterior  modes  of  the  E  field  are  plotted.  The  standing 
wave  behavior  of  interior  modes  and  the  attenuation  behavior 
of  exterior  modes  are  very  clearly  observed. 

Figure  8  indicates  the  pole  distribution  of  a  coated  perfectly 
conducting  cylinder  with  a  coating  thickness  equal  to  50%  of 
its  radius.  The  dotted  lines  are  still  drawn  here  to  serve  as  a 
reference.  It  is  observed  that  the  exterior  modes  are  in  layers, 
and  interior  modes  are  in  arcs  and  close  to  the  imaginary  axis. 


The  Poles  of  A  Coated  Conducting  Cylinder 


Oa/c 

Fig.  9.  The  pole  distribution  of  a  coated  perfectly  conducting 
cylinder  (  a  conductivity,  e,  relative  permittivity,  q  wave 
impedance  and  a  the  radius  of  the  cylinder),  with 
bia  =  1.5,  OT|a  =  20,  and  er  =  5. 
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The  Poles  of  A  Coated  Conducting  Cylinder 


£la/c 

Fig.  10.  The  pole  distribution  of  a  coated  perfectly  conducting 
cylinder  (  a  conductivity,  e,  relative  permittivity.  7}  wave 
impedance  and  a  the  radius  of  the  cylinder),  with 
bla  =  l.l.oTia  =  2,  and  er  =5. 


Now  examine  the  effects  if  the  coating  thickness  is  kept  the 
same,  but  the  normalized  conductivity  is  changed.  The  result 
is  shown  in  Figure  9.  The  interior  modes  are  all  shifted  left¬ 
ward.  The  exterior  modes  are  dominant  now,  since  they  are 
lower  in  radian  frequencies  and  smaller  in  damping 
coefficient  If  the  coating  thickness  is  changed  instead  of  the 
conductivity,  the  effect  of  the  coating  thickness  on  the  interior 
modes  is  shown  in  Figure  10.  The  first  arc  of  interior  modes 
is  moved  far  upward  when  the  coating  thickness  is  dropped  to 
10%  of  the  radius.  Once  again  the  exterior  modes  are  seen  to 
be  dominant 

Similar  to  a  lossy  cylinder  in  free  space,  a  coated  perfectly 
conducting  cylinder  has  interior  modes  too.  Their  fields 
behave  as  standing  waves  in  the  cladding  region.  Figure  1 1 
shows  the  amplitude  of  the  0  component  of  the  E  field  inside 
the  cladding  region.  The  angular  order  is  selected  with  n  =8. 
Four  interior  modes  and  two  exterior  modes  are  illustrated. 
The  differences  of  the  field  distributions  inside  the  coating 
layer  between  the  exterior  modes  and  the  interior  modes  are 
apparent  Furthermore  it  is  seen  that  the  E  field  amplitude  of 
an  exterior  mode  inside  the  coating  layer  is  relatively  very 


small.  That  is  why  the  exterior  mode  is  substantially  affected 
only  when  the  coating  thickness  is  comparable  to  the  radius. 


EFFECTS  OF  LOSSY  PARAMETERS 
ON  AN  EXTERIOR  MODE 

Since  a  perfectly  conducting  scatterer  has  only  exterior 
modes  and  the  normally  coating  layer  used  is  not  very  thick, 
it  is  only  necessary  to  investigate  the  effects  of  lossy  parame¬ 
ters  on  the  exterior  modes.  Extensive  pole  trajectories  have 
been  pursued  by  varying  the  lossy  media  parameters.  Only  a 
few  examples  are  presented. 

Figure  12  shows  the  trajectories  of  the  second  mode.  The 
pole  is  traced  as  the  coating  thickness  is  increased  with  a  step 
size  of  0.04  starting  from  bla  =  1.  The  trajectories  with  four 
sets  of  parameters  are  shown  here.  The  circle  line,  which 
presents  an  infinite  conductivity  in  the  coating  layer,  serves  as 
the  reference  line  to  indicate  the  location  of  the  second  pole  of 
a  perfectly  conducting  cylinder  with  radius  b .  As  the  coating 
thickness  is  increased,  the  outer  radius  b  of  the  layer  is 
increased  and  the  circle  line  locates  the  pole  of  a  perfectly 
conducting  cylinder  which  is  increasing  in  radius.  The  star 
line  corresponds  to  a  normalized  conductivity  80.  After  a  few 
steps,  the  star  line  comes  close  to  the  perfectly  conducting 
cylinder  line,  and  in  additional  steps  the  triangle  line,  which 
corresponds  to  a  conductivity  of  IS,  follows.  The  last  one  to 
move  toward  reference  is  the  square  line  with  conductivity  of 
S.  Figure  12  is  interpreted  as  indicating  that  when  the  con¬ 
ductivity  is  greater,  the  pole  of  a  coated  cylinder  behaves 
more  like  that  of  a  perfectly  conducting  cylinder,  and  when 
the  coating  is  thicker,  the  pole  of  a  coated  cylinder  behaves 
more  like  that  of  a  perfectly  conducting  cylinder. 

Figure  13  presents  the  first  pole  traced  by  varying  the  per¬ 
mittivity.  The  pole  is  traced  as  the  coating  thickness  is 
increased  with  a  step  size  of  0.04  starting  from  bla  =  1. 
Three  trajectories  for  three  different  parameter  sets  are  givea 
It  is  seen  that  when  the  coating  thickness  is  small  the  poles 
with  different  permittivities  are  located  close  to  each  other, 
however  when  the  coating  is  thick,  they  are  relatively 
separated. 

CONCLUSION 

The  pole  distribution  of  a  coated  cylinder  structure  has  been 
investigated  in  this  paper.  Special  attention  has  been  directed 
to  the  effects  of  the  lossy  coatings  on  the  dominant  natural 
modes.  It  has  been  shown  that  the  natural  frequencies  of  exte¬ 
rior  modes  are  substantially  shifted  on  the  complex  plane  only 
when  the  coating  thickness  is  comparable  with  the  radius  of 
the  cylinder.  When  the  coating  material  has  a  parameter  of 
oqa  >  100,  it  has  little  effect  on  the  natural  frequencies  of  the 
exterior  modes.  The  natural  frequencies  of  the  interior  modes 
are  greatly  dependent  on  coating  thickness  and  parameters. 
As  a  rough  estimation,  the  interior  modes  are  no  longer  dom- 


amplitude  dependence 


SUN  ET  AL.:  OSCILLATION  OF  A  LONG  CYLINDER 


379 


Fig.  12.  Trajectories  of  the  second  ex  ten  or  mode  of  a  coated  perfectly  conducting  cylinder  as  the  coating  thick¬ 
ness  is  varying. 
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Fig.  13.  Trajectories  of  the  first  exterior  mode  of  a  coated  perfectly  conducting  cylinder  as  the  coating  thickness 
is  varying. 
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inant  when  the  conductivity  satisfies  ar\a  >  100,  or  the  coat¬ 
ing  thickness  is  less  than  10%  of  the  cylinder  radius. 
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Identification  of  tbe  Natural  Resonance  frequencies 
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Transient  Response 
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Abstract— The  natural  resonance  frequencies  of  a  conducting  sphere 
are  determined  experimentally  by  using  measured  transient  scattered  field 
and  surface  charge  responses.  Comparison  to  theory  is  shown  to  be 
excellent  for  the  imaginary  parts  of  the  complex  frequencies. 

I.  Introduction 

The  complex  natural  resonance  frequencies  of  conducting  radar 
targets  form  a  useful  set  of  aspect  independent  features,  and 
have  been  employed  recently  in  various  radar  target  discrimination 
schemes  [11,  [21 .  For  geometrically  complex  targets  these  frequen¬ 
cies  must  be  determined  experimentally,  from  measurements  of  the 
targets’  transient  responses.  It  has  been  found  that  the  natural  fre¬ 
quencies  of  low-Q  scatterers  (those  having  relatively  small  late-time 
energy)  are  the  most  difficult  to  extract  from  measurement.  By  show¬ 
ing  that  the  resonant  frequencies  of  a  sphere,  a  particularly  low-Q 
structure,  can  be  obtained  accurately  from  experimental  data,  the 
plausibility  of  target  classification  using  natural  frequencies  is  en¬ 
hanced  greatly. 

D.  Theory 

The  late-time  (unforced)  transient  response  of  a  conducting  sphere 
of  radius  a  can  be  written  as  a  series  of  natural  oscillation  modes 

N 

r(t)  =  TV-'  cos  (o)ar  +  <j>„)  t  >Tl  (1) 

/»  =  1 
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Fig.  1.  Experimental  facility  used  to  measure  transient  scattered  Held  and 
surface  current  responses  of  conducting  sphere. 


where  r(l)  represents  a  measured  quantity,  such  as  the  surface  charge 
or  scattered  field  response.  Here  TL  is  the  beginning  of  the  late¬ 
time  period,  s„  =  o„  +ju„  is  the  aspect  and  excitation  independent 
natural  frequency  of  the  mh  mode,  a„  and  <t>n  are  the  aspect  and 
excitation  dependent  amplitude  and  phase  of  the  mh  mode,  and  N  is 
the  number  of  modes  excited  by  the  incident  illumination. 

The  natural  frequencies  of  the  sphere  present  in  the  measured 
response  (1)  can  be  calculated  theoretically  by  using  a  frequency 
domain  approach.  If  R(s)  represents  the  Laplace  transform  of  r(t), 
then 


R(s)  =  F(s)H(s)  (2) 

where  F(s)  depends  on  the  measurement  and  excitation  systems,  and 
H(s)  is  the  transfer  function  of  the  sphere  [3] 


where 


(2  n  +  l)f2" 

/.(Dff.(r) 


n 


A(f)  =  £ 

3=0 


(«+g)!  1 

8'.(n  -  0)1  2b 


*„([■)  = 

fl=0 


(n+g)!  1 
0Kn  -0Y.26 


(g  +  nr-* 


(3) 


(4) 


(5) 


and  f  =  (o/c)s,  with  c  the  speed  of  light. 

Since  the  natural  frequencies  are  the  poles  of  the  transfer  function, 
they  can  be  calculated  by  locating  the  zeros  of  /„(f)  and  g„(f).  Nu¬ 
merical  values  have  been  computed  and  are  tabulated  in  [4].  It  is 
found  that  the  natural  frequencies  of  the  sphere  are  arranged  along 
branches  in  the  left  half  of  the  complex  frequency  plane.  The  fre¬ 
quencies  of  the  first  branch  have  the  smallest  real  parts,  and  thus 
produce  the  most  prominent  resonances.  These  are  the  ones  most 
easily  distinguished  in  a  measured  response. 


ID.  Experimental  Set-Up 

The  transient  electromagnetic  response  of  the  sphere  is  measured 
using  the  experimental  facility  shown  in  Fig.  1.  Target  excitation  is 
provided  by  an  incident  electromagnetic  wave  radiated  by  a  monocone 
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Fig.  2.  Measured  scattered  field  response  of  30  cm  diameter  conducting 

sphere. 


antenna  suspended  over  a  conducting  ground  screen.  The  antenna  has 
an  axial  height  of  2.4  m,  a  polar  angle  of  8°,  and  a  characteristic 
impedance  of  160ft.  It  radiates  a  spherical  transverse  electromagnetic 
(TEM)  wave  which  approximates  a  plane  wave  polarized  perpendicu¬ 
lar  to  the  ground  screen  at  the  position  of  the  conducting  hemisphere 
target.  The  ground  screen  consists  of  nine  individual  4  x  8  ft  alu¬ 
minum  sheathed  modules,  and  has  overall  dimensions  of  16  x  20  ft. 
This  provides  a  window  of  approximately  14  ns  in  which  to  per¬ 
form  measurements,  before  reflections  from  the  edges  of  the  ground 
screen  and  the  top  of  the  antenna  return. 

The  monocone  antenna  is  driven  by  a  Picosecond  Pulse  Labs  model 
1000B-01  pulse  generator,  providing  quasi-rectangular  pulses  of  du¬ 
ration  0.5  ns  and  amplitude  40  V.  Both  the  resulting  transient  surface 
charge  and  scattered  field  pulse  responses  of  the  imaged  sphere  are 
measured,  using  short  monopole  probes  coupled  to  a  Tektronix  7854 
waveform  processing  oscilloscope  via  S2  sampling  heads  (75  ps  rise- 
time).  Proper  timing  is  accomplished  using  the  variable  trigger  delay 
internal  to  the  pulse  generator. 

Typically,  100  waveform  measurements  are  taken  and  averaged  in 
real  time,  using  a  pulse  repetition  rate  of  up  to  1000  kHz.  These 
measurements  are  then  smoothed  to  reduce  high  frequency  noise, 
and  the  dc  level  is  removed.  An  additional  measurement  is  obtained 
for  the  scattered  field  without  the  hemisphere  presera,  and  this  clutter 
waveform  is  subtracted  from  the  measured  scattered  field  response. 
The  resulting  waveforms  are  then  transfered  via  a  general-purpose- 
iraerface-bus  to  an  IBM  PC  microcomputer,  where  they  are  stored 
on  floppy  disk  and  later  transmitted  to  a  mainframe  computer  for 
further  processing. 


IV.  Experimental  Results 

The  measured  scattered  field  response  of  a  30  cm  diameter  sphere 
is  shown  in  Fig.  2.  The  monopole  receiving  probes  are  modeled 
as  perfect  differentiators,  and  thus  Fig.  2  represents  the  derivative 
of  the  pulse  response  of  the  sphere.  Since  differentiation  does  not 
perturb  the  values  of  the  natural  frequencies  contained  in  the  scattered 
field  response,  no  attempt  is  made  to  recover  the  pulse  response  via 
integration. 

Ii  is  important  that  the  beginning  of  the  late-time  period,  during 
which  the  sphere  oscillates  in  its  natural  modes,  is  carefully  deter¬ 
mined.  Physically,  the  surface  current  in  the  early-time  period  should 
not  exhibit  resonance  behavior  because  the  induced  surface  current 
has  not  yet  traversed  t!^  entire  body.  Resonance  phenomena  are  de¬ 
termined  by  the  global  characteristics  of  the  target,  not  by  a  fractional 
structure  or  local  feature. 

Michalski  (6j  has  presented  a  theoretical  study  suggesting  that  the 
surface  current  response  of  a  conducting  target  can  be  represented  at 
all  times  purely  in  a  set  of  its  natural  resonance  modes  (i.e.,  it  has 


Fig.  3.  Fourier  spectrum  of  late-time  portion  of  scattered  field  response 

of  30  cm  diameter  conducting  sphere.  Arrows  indicate  imaginary  pans  of 

theoretical  natural  frequencies. 

no  early-time  period).  However,  this  representation  is  based  on  an 
a  priori  knowledge  of  the  geometry  of  the  scatterer  (i.e.,  the  early- 
time  component  is  constructed  based  on  the  complete  geometry  of  the 
target).  However,  in  the  “inverse”  case,  where  natural  frequencies 
are  to  be  obtained  based  on  an  incomplete  time  history,  it  is  contrary 
to  physical  reasoning  to  expect  that  the  natural  frequencies  of  a  target 
can  be  retrieved  from  the  early-time  surface  current  response.  For 
example,  how  can  the  early-time  surface  current  response  of  a  thin 
wire  be  interpreted  as  a  pure  set  of  its  natural  modes,  when  the  early- 
time  portion  of  the  response  of  a  shorter  wire  must  be  identical,  but 
is  comprised  of  an  entirely  different  set  of  modes?  It  is  not  until  the 
reflection  from  the  end  of  the  wire  returns  to  the  observation  point 
that  the  responses  will  differ  (and  thus  determine  the  beginning  of  the 
lace-time  period).  Obviously,  it  is  impossible  to  extract  two  different 
sets  of  natural  frequencies  from  the  same  data,  unless  the  additional 
knowledge  of  the  complete  geometry  of  the  scatterer  is  available. 
Thus,  it  is  assumed  here  that  the  late-time  period  begins  only  after 
the  global  characteristics  of  the  target  have  been  determined. 

Although  it  may  be  possible  to  include  the  early-time  component 
in  the  extraction  process,  it  is  now  apparent  that  to  use  only  this 
portion  would  be  a  disaster.  To  be  safe,  only  the  late-time  portion  is 
used  here.  At  worst,  this  choice  may  be  slightly  conservative. 

The  first  event  recorded  by  the  system  occurs  when  the  incident 
pulse  interacts  with  the  receiving  probe.  The  late-time  period  (during 
which  the  sphere  oscillates  freely)  begins  a  time  TP  +  2(d  +  D)/c 
later,  where  TP  is  the  duration  of  the  pulse.  By  adjusting  the  time 
position  control  on  the  oscilloscope,  most  of  the  early-time  period  has 
been  shifted  out  of  the  measurement  window,  resulting  in  a  longer 
measured  portion  of  the  late-time  period.  Fig.  3  shows  the  spectrum 
of  the  late-time  portion  of  the  scattered  field  response,  obtained  via 
the  fast  Fourier  transform  (FFT).  Arrows  indicate  the  theoretical 
values  of  the  imaginary  parts  of  the  first  branch  natural  frequencies, 
obtained  by  solving  for  the  roots  of  (4)  and  (5).  It  is  seen  that  peaks  in 
the  Fourier  spectrum  correspond  quite  closely  with  predicted  values. 

Fig.  4  shows  the  measured  surface  charge  response  of  the  sphere. 
Here  the  late-time  period  begins  a  time  Tp  +2L/c  after  the  first 
recorded  event.  Again,  most  of  the  early-time  portion  of  the  re¬ 
sponse  has  been  shifted  out  of  the  measurement  window.  Fig.  5 
shows  the  Fourier  spectrum  of  the  late-time  portion  of  the  surface 
charge  response.  Again,  peaks  in  the  spectrum  correspond  closely 
to  the  frequencies  predicted. 

Examining  the  Fourier  spectra  gives  only  a  cursory  estimate  of  the 
complex  frequencies  contained  in  the  measured  waveforms.  More 
accurate  techniques  have  been  developed  to  extract  the  natural  fre¬ 
quencies  directly  from  the  measured  data.  Fig.  6  shows  the  imaginary 
parts  of  the  first  six  complex  frequencies  obtained  from  the  late-umc 
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Fig.  4.  Measured  surface  charge  response  of  30  cm  diameter  conducting 

sphere. 


Fig.  3.  Fourier  spectrum  of  late-time  portion  of  surface  charge  response 
of  30  cm  diameter  conducting  sphere.  Arrows  indicate  imaginary  parts  of 
theoretical  natural  frequencies. 

portions  of  the  measured  waveforms  using  an  £-pulse  technique  [5]. 
Agreement  with  theory  is  seen  to  be  excellent.  The  results  from  the 
charge  response  are  slightly  better  than  those  from  the  scattered  field 
response,  probably  due  to  the  more  favorable  SIN  level. 

The  real  parts  of  the  first  six  natural  frequencies  were  also  ex¬ 
tracted,  but  did  not  compare  as  well  with  theory.  This  is  consistent 
with  results  obtained  using  high-Q  targets— the  real  parts  are  rarely 
extracted  with  as  great  an  accuracy  as  the  imaginary  parts. 

V.  Conclusion 

It  has  been  shown  that  the  imaginary  parts  of  the  first  six  natural 
resonant  frequencies  of  a  spherical  scatterer  can  be  determined  quite 
accurately  from  measurements  of  both  its  surface  charge  and  scat¬ 
tered  field  responses.  This  is  an  important  step  in  verifying  the  prac¬ 
ticality  of  characterizing  low-Q  targets  by  means  of  their  resonance 
frequencies.  Results  for  the  real  parts  of  the  natural  frequencies  are 
not  highly  accurate.  However,  these  values  do  not  need  to  be  known 
with  great  precision,  since  radar  target  discrimination  schemes  can 
be  geared  to  use  information  primarily  from  the  imaginary  parts. 


Fig.  6.  Imaginary  para  of  natural  frequencies  of  30  cm  conducting  sphere 
extracted  from  measured  surface  charge  and  scattered  field  responses. 

A  recent  theoretical  study  by  Weyker  and  Dudley  [7]  on  the  identi¬ 
fication  of  resonances  of  an  acoustically  rigid  sphere  painted  a  more 
pessimistic  picture  for  the  accurate  extraction  of  resonance  poles 
from  a  scattered  response.  The  more  optimistic  results  obtained  here 
from  experimental  data  are  probably  due  to  a  more  accurate  pole  ex¬ 
traction  scheme,  relative  high  signal-to- noise  levels,  and  the  presence 
of  only  the  first  few  dominant  modes  (because  of  the  finite  bandwidth 
of  the  excitation  pulse).  It  is  important  to  note  that  target  identifi¬ 
cation  does  not  depend  on  the  extraction  of  resonant  frequencies  in 
real  time  under  advene  noise  conditions.  Rather,  the  resonance  fre¬ 
quencies  of  the  targets  are  assumed  a  priori  knowledge,  determined 
in  a  controlled,  low-noise  laboratory  environment  [11- 
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Abstract— K  new  coupled  surface  integral  equation  formulation  for 
determination  of  natural  frequencies  of  a  rectangular  plate  is  proposed. 
The  method  of  moments  (MM)  solution  to  this  formulation  and  the 
subsequent  numerical  results  are  presented.  The  natural  frequencies  pre¬ 
dicted  by  the  theory  have  been  verified  by  an  experiment.  In  comparison 
with  the  existing  formulation  of  this  problem,  the  present  formulation 
predicts  equally  well  for  the  first  few  dominant  modes  but  belter  for  the 
higher  modes.  Also,  in  the  present  formulation,  no  convergence  problem 
has  been  encountered. 

I.  Introduction 

UBSEQUENT  TO  THE  introduction  of  the  singularity  ex¬ 
pansion  method  (SEM)  by  Baum  in  1971  [1],  considerable 
attention  has  been  devoted  to  the  analysis  of  various  perfectly 
conducting  scatterers  such  as  the  sphere,  prolate  spheroid, 
and  infinitely  long  cylinder  and  wire  structures  [2]-[4],  But 
the  exploitation  of  SEM  for  the  transient  analysis  of  a  rect¬ 
angular  plate  has  not  received  much  attention.  In  fact,  a  thin 
rectangular  plate  structure  is  a  very  fundamental  geometry  for 
many  realistic  scatterers.  The  knowledge  of  its  natural  modes 
is  thus  of  importance  in  the  application  of  SEM  to  many  tran¬ 
sient  scattering  problems. 

The  natural  modes  of  a  perfectly  conducting  body  can  be 
obtained  numerically  by  means  of  a  method  of  moments  (MM) 
solution  to  an  electric  field  or  magnetic  field  integral  equation 
formulation.  In  early  1974,  Rahmat-Samii  and  Mittra  (5),  [6J 
proposed  an  integral  equation  for  formulating  the  scattering 
problem  of  a  rectangular  plate  illuminated  by  a  plane  wave. 
Later,  this  integral  equation  was  modified  by  Pearson  [7)  to 
extract  SEM  parameters  of  a  plate  in  the  complex  domain. 
The  formulation  used  by  Pearson  was  essentially  the  same 
except  the  real  frequency  was  directly  replaced  by  a  complex 
frequency. 

It  is  well  known  that  the  singularity  of  the  surface  current 
occurs  at  all  edges.  A  special  numerical  treatment,  which  uses 
basis  functions  containing  the  correct  edge  singularity  in  sub- 
domains  near  an  edge,  can  be  used  to  represent  the  currents 
with  singularity  at  edges  (8).  However,  to  simplify  the  pro¬ 
gramming,  uniform  piecewise  constant  functions  can  also  be 
employed  as  basis  functions.  The  edge  effects  are  shown  to 
remain  under  this  simpler  treatment. 

This  paper  proposes  a  new  set  of  coupled  electric  field  in- 
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tegral  equations  (EFIE)  to  determine  the  natural  modes  for  a 
thin  rectangular  plate,  and  presents  the  numerical  procedure 
and  the  results  of  a  method  of  moments  solution  to  the  derived 
equation  set.  Special  interest  is  focused  on  numerical  conver¬ 
gence  tests  of  the  thin-strip  limit  and  also  on  the  solution  with 
more  basis  functions. 

A  comparison  is  made  between  the  natural  frequencies  pre¬ 
dicted  theoretically  and  those  extracted  from  a  real-time  mea¬ 
sured  response.  The  agreement  between  theory  and  experi¬ 
ment  is  quite  good. 

II.  The  New  Formulation  of  the  EFIE 

Consider  a  thin  rectangular  plate  located  in  the  xy  plane, 
as  shown  in  Fig.  1.  A  modal  surface  current  on  the  plate 
obeys  the  homogeneous  electric  field  integral  equation  in  the 
complex  domain 

J  (V'  K(r\  s)t  •  V  -  y2t  •  K(r',  j)]^  ds'  =  0  (1) 
where 

s 

7  =  c 

R  =  \r’~  r|. 
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Here  i'  and  r  are  the  coordinates  of  the  source  point  and 
the  observation  point,  s  is  the  natural  frequency  of  a  modal 
current,  K  is  the  modal  surface  current  density  and  t  is  a 
unit  vector  in  the  tangential  direction  on  the  plate  surface.  For 
the  geometry  shown  in  Fig.  1,  the  surface  current  K  is  two- 
dimensional  and  it  is  natural  to  use  a  rectangular  coordinate 
system,  from  (1),  two  decomposed  coupled  scalar  equations 
result: 

J,  {{hKAx''y'-s)+k'K’ix''!,''°)]:k 

-y2KAx\  /,s)|  -^ds'  (2a> 

1  e~yR 

-  yzKy(x',  y',s)\  ds' =0.  (2b) 

It  is  known  that  the  normal  components  of  the  current  need 
to  be  zero  at  all  four  edges,  producing  the  four  edge  condi¬ 
tions: 


Kx(-a/2,  y,  s)  =  0 

(3a) 

Kx(a/2,y,s)  =0 

(3b) 

Ky(x,  -6/2,  s)  =0 

(3c) 

Ky(x,b/2,s)  =0. 

(3d) 

Ay(x,  y)  =  C(x)coshyy  +  £>(x)sinhyy 


5“  A  Ax,  /)cosh7(/  -  y)dy' 
ox 


(6b) 


where  the  IV(y),  B(y),  C(x)  and  D(x)  are  unknown  coeffi¬ 
cients,  but  functions  of  only  one  variable.  The  equation  set  (6) 
is  the  essential  rigorous  formulation  applicable  to  extracting 
the  natural  frequencies  of  a  rectangular  plate  for  any  mode. 
The  x  and  y  components  of  modal  currents  are  closely  coupled 
through  the  coupling  integrals.  This  formulation  is  found  to 
possess  good  numerical  stability  and  convergence.  The  only 
sacrifice  is  the  great  number  of  computations  for  the  evalu¬ 
ation  of  the  coupling  integrals.  Details  about  the  numerical 
properties  will  be  discussed  in  the  next  section. 

The  natural  frequencies  are  those  complex  frequencies  s 
resulting  in  nontrivial  currents  of  Kx  and  K y,  and  the  associ¬ 
ated  functions  W(y ),  B(y),  C(x),  and  D(x),  which  satisfy  the 
excitation-free  homogeneous  equation  set  (6).  The  concomi¬ 
tant  values  of  s  are  poles  of  a  rectangular  plate.  The  vanishing 
of  excitation  dependence  and  the  symmetry  of  the  geometry 
give  rise  to  the  symmetry  of  current  distribution  in  (6).  By 
bringing  the  symmetry  relations  into  the  solution  procedure, 
significant  computational  savings  in  the  numerical  solution  will 
be  gained. 

It  is  expected  from  the  geometrical  symmetry  as  shown  in 
Fig.  1  that  a  modal  current  is  symmetrically  or  antisymmet¬ 
rically  distributed  with  respect  to  the  x-  or  y-axis.  But  the 
respective  symmetries  for  Kx  and  Ky  are  not  arbitrary.  They 
must  be  compatible  with  each  other  since  the  current  continu¬ 
ity  equation  has  to  be  satisfied.  The  continuity  equation  in  the 
complex  frequency  domain  is 


Employing  the  edge  conditions  and  integrating  by  parts  on 
(2)  yields  a  coupled  partial  differential  equation  set: 


d  d 

3-  KAx,  y,  s )  +  — Ky(x ,  y,  s)  =  -ycp(x,  y,  s).  (ly 
dx  dy 


where  the  vector  potentials  are  expressed  as 

f  e~yR 

Ax{x,  y,  s )  =  fiQ  j  Kx(x',  y’,  s)j^ds'  (5a) 
f  e~yR 

A  Ax,  y,  s)  =  no y  Ky(x',y’,s)-^^ds'.  (5b) 

It  can  be  proved  that  the  complete  homogeneous  solution  to 
equation  set  (4)  is  represented  by 


Ax(x,  .V)  =  H-'lyjcoshyx  +  B(y)sinh>x 


— -  Av(x',  yjcoshylx'  -  x)dx' 
dy 


(6a) 


From  the  right-hand  side  of  (7),  it  is  apparent  that  there  ..  .c 
only  four  possible  symmetries  for  charge  p  with  respect  to  the 
x-  and  y-axes.  Consequently,  the  symmetries  for  ( d/dx)Kx 
and  (d/dy)K y  are  correspondingly  limited  to  four  cases.  For 
example,  if  p(x,  y)  is  symmetric  with  respect  to  the  x-axis  and 
antisymmetric  with  respect  to  the  y-axis,  then  the  derivative 
of  (d/dx)Kx  must  be  symmetric  with  respect  to  the  x-axis 
and  antisymmetric  with  respect  to  the  y-axis.  Therefore,  the 
current  Kx  should  be  antisymmetric  with  respect  to  the  x- 
axis  and  antisymmetric  with  respect  to  the  y-axis.  The  same 
analysis  results  in  the  current  Ky,  which  is  symmetric  with 
respect  to  the  x-axis  and  symmetric  with  respect  to  the  y-axis. 

By  means  of  this  analysis,  the  information  about  possible 
symmetries  can  be  used  to  reduce  the  complexity  in  numerical 
evaluation  of  the  integral  equation  set  (6).  If  Kx(x,  y)  is  sym¬ 
metric  with  respect  to  the  x-axis  and  symmetric  with  respect 
to  the  y-axis,  Ky(x,  y)  must  be  antisymmetric  with  respect  to 
the  x-axis  and  antisymmetric  with  respect  to  the  y-axis.  They 
are  denoted  as  Kx(x,  y)  =  ( e ,  e)  and  Ky(x,  y)  =  (o,  o).  All 
the  other  symmetry  cases  are  denoted  in  a  logically  similar 
way.  After  the  symmetry  is  specified,  a  simplified  formulation 
is  easily  established.  As  an  example,  if  Xx(x,  y)  =  (e,  e)  and 
Ky(x,  y)  =  (o,  o),  we  have  from  (6): 
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Ax(x,  y)  =  W'Wcoshyx 

r  a 


Ay(x',  y)  cosh y(x'  -  x) dx'  (8a) 


cretized  forms  of  the  formulation  (8)  are  created'- 


HE  r  anmf(x,  y,  n ,  m) 


A,(x,  y)  =D(x)sinhyy 


-T- 

Jo  dx 


Ax(x,  y')coshy(y'  -  y)dy'  (8b) 


Since  equation  set  (8)  is  applied  to  the  first  quadrant  only, 
the  number  of  unknown  coefficients  is  reduced  by  a  factor  of 
two. 

III.  Method  of  Moments  Solution  to  the  New  EFIE 

The  integral  equations  for  each  of  the  four  symmetry  cases 
can  be  discretized  by  a  method  of  moments.  Here,  two- 
dimensional  subsectionally  constant  expansion  functions  are 
used  with  collocation  testing.  The  zones  are  equally  divided, 
respectively,  along  the  x-axis  and  y-axis  to  simplify  the  pro¬ 
gramming  procedure.  A  typical  zoning  scheme  has  10  x  10 
zones  on  the  whole  plate. 

The  unknown  coefficients  of  W(y),  B(y ),  C(x)  and 
D(x)  are  also  expanded  with  the  pulse  basis  functions.  Notice 
that  the  number  of  bases  for  these  unknown  coefficients  is 
equal  to  the  number  of  edge  zones  preassigned  to  zeros  for 
the  edge  conditions  to  be  enforced. 

The  major  contribution  to  calculation  efficiency  by  the  use 
of  pulse  basis  functions  is  that  the  evaluation  of  vector  poten¬ 
tials  need  be  performed  once  only.  The  individual  kernel  inte¬ 
gral  terms  for  all  argument  combinations,  e.g.,  different  dis¬ 
tance  combinations,  are  computed  first.  Then,  subscript  entries 
are  chosen  from  a  storage  matrix  to  construct  the  matrix  equa¬ 
tion  according  to  the  symmetry  conditions  being  assigned. 

As  one  example  of  the  implementation  of  the  method  of 
moments  solution,  the  symmetry  of  Kx  =  (e,  e)  and  Ky(o,  o) 
is  assumed.  The  currents  are  expanded  in  terms  of  pulse  basis 
functions  with  widths  Ax  and  A y: 

bKx(x,  y)  =  EE  QfimPn{X)Pm(y)  (9fl) 


=  ^2  WmPm(j)co&hyx 

m 

-  ^2  ^2  ~  bnm[Fy(x,  y,rt,m  -  1) 


-  Fy(x,  y,  n,  m)\ 


EE;  bnm  /(■*»  y,  n,  m) 

n  m  a 

=  ^  £>„/>„(*)  sinh  77 

n 

-52J2z  a„m[Fx(x,  y,m,n~  1) 


-Fx(x,y,m,  n)] 


where 


f(x,y,n,  m) 


/■m&y  ,/iAx 

J(m-\)Ay  Jin-  l)Ax 

£-1r|<x'-x)J+</-y>2ll,J 

4t[(x'  -x)2  +(/  -  y)2]l/2 


dx'dy'  (11a) 


Fx(x,  y,  n,  m)  =  f  coshy(x'  -  x)dx' 

Jo 

rn  Ax 

/  F(x',x",y,m)dx"  (lib) 

Jin-  l)Ax 


F(x\  x",  y,  m)  = 


g—ylix'  -x"):  +(/— 2 

4t[(x'  -  x")2  -i-  (y  -  mAy)2]’ 


where 


aK,(x,  y)  =  EE  bnmP  n  (• x)Pm(y )  (9b) 


Pn(v)  = 


1,  (n  -  1 ) A17  <  jj  <  n&i) 
0,  elsewhere. 


By  choosing  matching  points  at  the  center  of  every  partition 
zone,  and  shrinking  the  number  of  unknown  amplitudes  to 
one-quarter  by  using  the  symmetry  properties  of  the  currents, 
the  following  moment  matrix  equation  is  obtained 


[G,j  ,  nm]qp  xqp  IQ,  (,  nm] 


qp  l\'ij,nm\qpxqp  M  unm 


[Rijtnm\qpxqp  \Tij,nm\qpxqp  J  l[5nm) 


=  0  (12) 


The  derivative  of  current  K y  with  respect  to  y  is  expanded 
as 

~Ky(x,y)=  l-J2J2b'””P''{x) 

n  m 

[6(7  -  (m  -  l)Ay)  -  6(7  -  mAy))  (9c) 

where  a„m  and  b„m  are  coefficients  to  be  determined,  and  a 
and  b  are  the  length  and  width  of  the  plate.  Thus,  the  dis- 


where  2 q  is  the  partition  number  along  the  x  direction  and 
2 p  is  the  partition  number  along  the  7  direction,  with  the 
restrictions  n,  i  <  q,  m,  j  <  p.  The  matrix  entries  are 

=  £  LA*;.  y j,  n,  m)  +  /(x(,  7 ,,  2 q  -  n,  m) 
+f{x,,y,,  n ,  2 p  -  m)  +/(x,,  y,,  2q  -  n,  2 p  -  m)| 

(13a) 
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T.j.nm  =  l-  L/C*.,  yj .  n,  m)  yh  2q  -  n,  m) 

-/(x,,  yj,  n.  2p  -  m)  +f(.xh  yj,  2 q  -  n,  2p  -  m)] 

(13b) 

Qij.nm  ~  IF  y(Xi ,  y j,  n,  tn  —  1)  —  F y(Xj,  y j,  n,  m) 

a 

-Fy(Xi,yj,  2q  -n,  m  -  1) 

+  Fy(Xj,  yjt  2q  -  n,  m)J 
+  [-Fy(xit  yJt  n,  2p  -  m  -  1) 

+  Fy(Xj,  yJt  n,  2 p  -  m) 

+  Fy(Xj ,  yi%  2q  -  n,  2p  -m  -  1) 

-  F y(Xi,  yjt2q  -n,2p  -  m)\  (13c) 

Rij.nm  =  IFAXi,  yj,  m,  n  -  1)  -  FAx,.  yJt  m,  n) 

4-  Fx(Xj,  yj,  m,2q  -  n  -  1) 
-FAXi,yj,m,2q  -n)\ 

+  [FAXi,yj,2p  -m,n  -  1) 

- FAXi,yj,2p  -m,n ) 

+  FAXi,  yj,  2p  -  m,2q  -  n  -  \) 


FAx„yj%2p  -m,2q  - /»)] 

(13d) 

Onm  ~  Onm 

(13e) 

bnm  ~  bnm 

(13f) 

x,  =0.5 a -(i  -0.5)*  Ax 

(13g) 

yt  =  0.56  -  (j  -  0.5)*  Ay. 

(13h) 

Note  that  when  n  =  1 : 

Gij,„m  =  -Pm(,yj)  cosh  yXj 

Rij,  nm  =  0 
@nm  =  W  m 

while  when  m  =  1  : 


T,j,nm  =  -P„(jf,)sinh7>’y 

Qij,  nm  =  0 

bnm  —  Gn. 

The  matrix  in  ( 12)  is  a  function  of  complex  frequency,  and 
a  complex  resonance  occurs  when  this  matrix  has  a  zero  de¬ 
terminant.  The  condition  to  guarantee  the  existence  of  natural 
resonances  is  therefore 


\Gij,nm\qp*qp 

[Qij,nm]qpxqp 

[Tijfnm]qpxqp  . 

It  can  be  seen  that  this  determinant  is  an  analytic  function 
in  the  complex  plane,  since  the  original  integral  equation  is 
differentiable  on  the  surface  of  the  plate.  Any  standard  root 
search  algorithm  can  be  used  to  locate  the  zeros  of  the  deter¬ 
minant.  The  subroutine  SEARCH  [9]  is  called  as  a  preliminary 
procedure  to  locate  all  dominant  poles  in  the  complex  plane, 
and  then  the  subroutine  C05NBF  in  the  NAG  library  is  used 
to  improve  the  accuracy  of  the  pole  locations.  All  symmetry 
cases  can  be  handled  in  this  manner. 

A  premium  on  computational  efficiency  has  to  be  placed  in 


Fig.  2.  Convergence  of  four  natural  modes  to  their  thin-wire  counterparts 
as  aspect  ratio  is  varying.  The  squares  show  the  locations  of  the  first  four 
thin-wire  modes  selected  from  the  first  layer. 


the  evaluation  of  the  matrix  and  its  determinant.  Many  such 
evaluations  are  required  in  the  course  of  iterating  the  root 
locations.  It  is  thus  significant  to  have  a  good  approximation 
to  the  coupling  integrals  and  vector  potentials. 

Different  approximations  are  applied  in  the  calculation  of 
the  interaction  matrix.  For  the  self-patches,  i.e.,  the  patch  in 
which  the  match  point  is  located,  the  integration  is  performed 
analytically  after  the  exponential  function  is  approximated  by 
1  in  order  to  avoid  the  numerical  singularity.  For  the  patches 
adjacent  to  the  matching  patch,  the  integrals  are  well-behaved 
and  are  evaluated  numerically. 

IV.  Numerical  Convergence 

The  usefulness  of  the  formulation  (8)  depends  heavily  on  its 
numerical  convergence  properties.  Two  tests  of  convergence 
for  the  formulation  are  discussed  in  this  section.  One  exam¬ 
ines  pole  convergence  in  the  thin-strip  limit,  and  the  other 
examines  convergence  as  the  number  of  basis  functions  is  in¬ 
creased. 

Intuitively,  a  rectangular  plate  approaches  a  thin  strip  when 
the  aspect  ratio,  which  is  defined  as  the  ratio  of  width  to 
length,  is  very  small.  As  is  well  know,  a  thin  strip  is  related 
to  an  equivalent  dipole.  One  test  is  performed  by  observing 
the  trajectory  of  some  typical  poles  when  the  aspect  ratio  is 
diminished.  It  is  expected  that  the  convergence  of  those  poles 
to  thin-wire  modes  should  be  apparent  and  uniform. 

It  is  instructive  to  note  that  for  the  given  coordinate  system, 
only  the  modes  with  symmetries  of  Kx  =  (e,  e);  Ky  -  (o,  o) 
and  Kx  =  (o,  e);  K y  =  (e,  o )  can  reduce  to  thin-wire  modes 
since  it  is  nonphysical  that  the  ^-component  of  currents  is 
antisymmetric  with  respect  to  the  x-axis  in  the  thin-strip  limit. 

Fig.  2  provides  some  insight  into  the  convergence  of  poles 
to  thin-wire  counterparts  for  a  range  of  aspect  ratios.  Two 
modes  denoted  by  (e,  e)  result  from  the  symmetry  case  of 
Kx  =  ( e ,  e);  Ky(o,  o),  while  the  other  two  denoted  by  (o,  e) 
result  from  the  symmetry  case  of  Kx  =  (o,  e);  Ky  =  ( e ,  o). 
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lx=(e,e)  St  ly=(o,o) 


Fig.  3.  Different  partition  schemes  are  applied  to  the  first  mode  </„  =  (e,  e) 
and  1,  •■  =  ( o ,  o »  with  various  aspect  ratios. 

The  first  four  thin-wire  modes  from  the  first  layer  of  poles 
are  displayed  by  small  squares  to  serve  as  the  limits  of  the 
trajectories.  Each  solid  line  is  a  trajectory  of  one  mode.  The 
trajectory  is  started  with  aspect  ratio  =  1  and  stepped  with  a 
step  size  of  0. 1 .  It  is  observed  that  the  four  poles  converge 
apparently  and  uniformly  to  thin-strip  limits. 

An  MM  solution  to  the  formulation  (8)  is  the  discretiza¬ 
tion  of  the  electrical  field  integral  equation.  Mathematically, 
this  procedure  is  an  approximation  with  a  finite-dimension 
space  to  an  infinite-dimension  space.  The  convergence  of  any 
numerical  scheme  implies  'that  the  error  induced  by  finite¬ 
dimensional  approximation  is  uniformly  decreased  as  the  di¬ 
mensions,  which  are  used  to  discretize  the  integral  equation, 
are  increased.  A  strong  numerical  verification  of  this  con¬ 
vergence  is  beyond  the  available  capability  of  any  computer 
system,  but  convergence  tests  on  a  few  dominant  modes  with 
a  varying  number  of  basis  functions  provide  good  insight  into 
the  convergent  rate. 

As  typical  examples,  the  first  two  modes  with  symmetry 
of  Kx  -  (e,  e);  K y  —  (o,  o)  are  investigated  with  results 
shown  in  Figs.  3  and  4.  Three  different  partition  schemes  are 
employed,  Tltey  are  identified  as  6  x  6,  10  x  10.  and  16  x  16 
partition  zones  on  the  whole  plate. 

Fig.  3  shows  the  convergence  of  the  first  pole  with  various 
aspect  ratios.  The  comparison  with  different  partition  zones  is 
shown  as  the  dotted  line  (6  x  6),  dashed  line  ( 10  x  10),  and 
solid  line  (16  x  16).  Excellent  agreement  between  the  dashed 
line  and  the  solid  line  is  seen  for  varying  aspect  ratios.  The 
trajectory  with  10  x  10  partitions  is  very  close  to  that  with 
16  x  16  partitions.  Even  with  6x6  partitions,  the  result  is 
close  enough  to  that  with  more  partitions.  It  is  seen  that  this 
special  dominant  mode  converges  very  fast.  Physically,  such 


Fig.  4.  Different  partition  schemes  are  applied  to  the  second  mode  (/,  = 
(e,  e)  and  /,  =  (o,  o))  with  various  aspect  ratios. 

a  convergent  rate  is  expected  as  six,,  ten,  and  16  pulses  have 
been  used  within  half  a  wavelength  to  present  currents  on  the 
plate. 

Fig.  4  shows  the  result  of  the  second  pole.  The  same  nota¬ 
tions  are  used  as  in  Fig.  3.  From  Fig.  4,  good  agreement 
between  the  trajectories  with  10  x  10  zones  and  that  with 
16x16  zones  for  a  range  of  aspect  ratios  are  again  observed. 
It  is  also  seen  that  the  result  with  6x6  partitions  is  less  ac¬ 
curate  as  the  aspect  ratio  decreases.  This  discrepancy  is  at¬ 
tributed  to  the  fact  that  six  pulses  are  not  enough  to  present 
the  currents  within  a  range  of  one  wavelength. 

At  this  point  the  conclusion  is  made  that  for  the  first  few 
dominant  modes  a  10  x  10  partition  scheme  is  good  enough 
to  discretize  the  integral  equation.  As  a  rule  of  thumb,  the 
applicability  of  a  partition  scheme  could  be  estimated  by  the 
criteria  that  more  than  six  pulses  are  required  to  present  the 
currents  in  one  wavelength  range. 

V.  Numerical  Results 

Extensive  computations  have  been  conducted  to  locate  all 
the  dominant  poles  in  the  complex  plane  for  each  symmetry 
case  and  to  solve  for  the  current  distributions  for  those  natural 
modes.  However,  only  representive  natual  modes  for  selected 
poles  are  presented  here.  This  section  provides  the  pole  tra¬ 
jectories  of  the  first  few  dominant  modes  for  each  symmetry 
case,  and  f  resents  some  typical  modal  current  distributions. 

It  was  stated  previously  that  the  pole  location  is  found  by 
the  zero  searching  of  the  moment  matrix  determinant.  The 
determinant  is  an  analytic  function  in  the  complex  plane,  and 
thus  the  pole  location  is  two  dimensional.  If  a  10  x  10  parti¬ 
tioning  is  used  to  discretize  the  integral  equation,  a  50  x  50 
moment  matrix  is  created.  To  search  for  a  zero  on  the  complex 
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Fig.  S.  Pole  locations  of  four  possible  symmetry  cases  with  various  aspect  ratios. 

plane,  the  determinant  of  the  50  x  50  matrix  is  evaluated  iter-  The  applicability  of  the  method  is  due  to  the  analyticity  of  the 
atively  and  thus  the  selection  of  an  appropriate  pole  location  moment  matrix  determinant  and  the  locality  of  its  poles, 
algorithm  is  very  important.  Once  the  complex  plane  has  been  scanned  for  zeros  b> 

The  method  proposed  by  Singaraju,  Giri,  and  Baum  [9J  is  using  the  SEARCH  subroutine  which  is  the  code  of  above 
based  on  the  theorem  that  relates  the  variation  of  the  argu-  algorithm,  the  output  poles  are  served  as  initial  guesses  tt 

ment  of  a  complex  function  integrated  along  a  contour  to  the  be  improved  by  calling  the  NAG  library.  The  called  NAC 

number  of  zeros  and  poles  within  the  range  bounded  by  the  subroutine  is  named  C05NBF,  which  is  generated  based  c 
coutour.  This  approach  is  used  conveniently  and  successfully  an  iterative  algorithm. 

iri  the  present  problem  for  the  preliminary  location  of  a  pole  The  locations  of  poles  for  a  rectangular  plate  are  given  it 
before  an  iterative  method  is  used  to  improve  the  precision.  Figs.  5(a)-5(d).  Only  poles  in  the  third  quadrant  are  displays 
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since  any  physical  pole  has  a  negative  real  part,  and  all  poles 
ire  arranged  with  conjugate  symmetry,  as  deducted  from  the 
:onjugate  property  of  the  integral  equation  formulation.  The 
joles  displayed  are  normalized  by  the  length  of  the  plate  and 
the  speed  of  light.  Each  solid  line  is  a  trajectory  of  one  pole, 
the  trajectory  is  initiated  with  aspect  ratio  of  1 .0,  and  stepped 
with  a  size  0. 1  in  terms  of  aspect  ratio. 

Fig.  5(a)  shows  the  pole  trajectories  with  symmetry  of 
Kx  =  (e,  e)\  Ky  =  (o,  o),  where  a  associated  with  the 
real  axis  is  the  damping  coefficient,  u  associated  the  imag¬ 
inary  axis  is  the  radian  frequency,  and  Ix  and  I y  are  defined 
as  lx  ~  Kx  b,  and  I y  =  Ky  a.  With  this  symmetry,  the  x- 
component  of  currents  is  symmetric  with  respect  to  both  the 
x-  and  y-axes.  The  currents  with  this  symmetry  are  easily  ex¬ 
cited  on  a  plate  placed  on  a  ground  plane,  and  illuminated  by  a 
normally  incident  pulse.  This  will  be  discussed  further  in  the 
next  section.  Out  of  the  11  modes  displayed,  there  are  two 
special  poles  whose  real  parts  are  diminished  as  the  aspect 
ratio  is  decreased.  They  are  closely  related  to  the  thin-wire 
counterparts.  In  the  thin-strip  limit  they  go  to  the  first  and  the 
third  thin-wire  modes.  The  physical  significance  of  their  be¬ 
havior  resides  in  their  dominance  over  the  other  modes  since 
they  have  smaller  damping  coefficients.  In  contrast,  all  the 
other  modes  move  in  the  negative  direction  as  the  aspect  ratio 
is  decreased.  In  other  words,  these  modes  imply  that  the  scat¬ 
tered  field  from  the  plate  is  reduced  as  the  plate  approaches  a 
square.  The  unusual  phenomenon  is  due  to  a  complex  induced 
current  on  the  plate.  Another  interesting  phenomenon  is  due 
to  the  fact  the  third  mode- has  a  “loop”  trajectory.  The  same 
natural  frequency  is  reached  at  two  aspect  ratios. 

Fig.  5(b)  shows  the  pole  trajectory  with  symmetry  of 
Kx  =  (o,  o);  Ky  =  (e,  e).  With  this  symmetry,  the  x- 
component  of  currents  is  antisymmetric  with  respect  to  both 
the  x-  and  y-axes.  It  was  mentioned  previously  that  the  modes 
with  this  symmetry  cannot  be  related  to  any  cylindrical  wire 
modes  since  the  antisymmetry  of  the  jr-component  current  with 
respect  to  the  jr-axis  cannot  be  physical  in  the  thin-strip  limit. 
It  is  noted  that  modes  belonging  to  symmetry  Kx  =  (e,  e); 
Ky  =  (o,  o)  are  identical  with  those  belonging  to  symmetry 
Kx  =  (o,  o);  K y  =  ( e ,  e )  on  a  square  plate.  This  identity  is 
equivalent  to  the  90°  rotation  of  the  coordinate  system. 

Figs.  5(c)  and  5(d)  show  the  results  of  the  other  symmetry 
cases.  The  poles  for  these  two  cases  are  located  within  a  less 
negative  range  as  the  dominant  modes  have  smaller  damp¬ 
ing  coefficients.  The  modes  in  “deeper"  layers  have  not  been 
determined 

Each  natural  mode  is  a  two-component  complex-valued  vec¬ 
tor  function  of  two  variables.  Since  the  poles  are  distributed  on 
the  left-half  complex  plane  with  conjugate  symmetry,  any  ex¬ 
cited  mode  is  accompanied  by  its  conjugate  mode.  The  pure 
contribution  to  the  resonance  comes  from  the  real  parts  of 
complex-valued  amplitudes  of  currents.  Thus  only  the  real 
parts  of  the  complex  currents  solved  from  the  moment  matrix 
equation,  are  plotted  in  a  three-dimensional  format.  The  am¬ 
plitude  distributions  displayed  belong  to  a  pair  of  conjugate 
modes. 

The  three-dimensional  plots  shown  in  Fig.  6  are  the  current 
distributions  of  the  first  dominant  mode  with  the  symmetry 
Kx  =  ( e ,  e );  K y  —  (o,  o).  The  current  amplitudes  of  the  two 


Fig.  6.  Amplitude  distributions  of  x-  and  y-compo items  of  surface  currents 
associated  with  the  tir.t  mode  (/,  =  (e,  e )  and  l,(o,  o).  b/a  =  0.75  and 
sale  =  -0.8087  +y  2  .;!!>. 

components  distributed  on  the  whole  plate  are  displayed  along 
the  z-axis,  and  the  origin  of  the  xy-plane  has  been  displaced 
by  one  quadrant  to  make  the  plots  clear.  It  is  noted  that  the 
displayed  amplitude  values  are  normalized  current  densities, 
i.e.,  /,  =  Kx  b.  and  Iy  =  Ky  a.  The  dominance  of  the  x- 
component  of  the  current  is  seen  by  comparing  the  amplitudes 
of  two  components  of  currents.  The  xr-component  is  almost  ten 
times  larger.  The  symmetric  shape  and  the  edge  effect  at  two 
edges  of  y  =  0  and  y  —  1  are  apparently  manifested. 

Fig.  7  gives  the  modal  current  distribution  of  the  first  mode 
with  the  symmetry  Kx  -  (e,  o);  K y  =  (o,  e).  Fig.  8  gives 
the  modal  current  distribution  of  the  second  mode  with  the 
symmetry  Kx  =  (o,  e);  Ky  =  (e,  o).  The  one-cycle  variation 
in  both  the  x-  and  y-directions  is  very  obvious  here.  The  shape 
similarity  is  also  observed. 

The  natural  modes  are  characterized  here  by  the  trajectories 
and  the  current  distributions.  The  modes  are  observed  gener¬ 
ally  to  be  consistent  with  physical  expectations.  But  a  good 
theory  should  be  consistent  with  experiment.  The  next  section 
gives  an  experimental  investigation  into  the  extraction  of  nat¬ 
ural  modes  from  a  measured  response  to  verify  the  analytic 
results. 

VI.  Experimental  Verification 

The  SEM  analysis  of  transient  scattering  problems  is  based 
entirely  on  the  conjecture  that  the  late-time  scattered  field  re- 
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Fig  7.  Amplitude  distributions  of  x-  and  ^-components  of  surface  currents 
associated  with  the  first  mode  (/,  =  (e,  o )  and  I ,  =  ( o .  d.  b  a  -  0.60 
and  sale  -  -1.073  +  y4.739). 


Fig  8  Amplitude  distributions  of  x-  and  ^-components  ol  surface  currents 
associated  with  the  second  mode  (/,  =  (o,  e)  and  Ije.ot.  b  a  -  1.0 
and  sale  =  -1.409  +■  /7.9S5) 


sponse  of  a  conducting  target  can  be  completely  represented 
by  a  summation  of  damped  sinusoid  functions.  It  is  thus  ex¬ 
tremely  prudent  to  verify  experimentally  the  natural  resonance 
behavior  of  a  rectangular  plate,  and  at  the  same  time  to  af¬ 
firm  the  natural  resonance  obtained  from  theory  by  comparing 
them  to  those  extracted  from  a  measured  response. 

A  striking  confirmation  of  the  theory  is  shown  in  Fig.  9. 
This  shows  the  experimental  geometry  and  the  measured  scat¬ 
tered  response  of  a  4  x  16  in  rectangular  plate  placed  per¬ 
pendicular  to  the  ground  plane,  as  received  by  a  monopole. 
The  coordinate  system  is  chosen  as  indicated  to  align  the  x- 
axis  along  the  longer  dimension.  The  external  exciting  pulse 
is  perpendicularly  polarized.  Due  to  the  image  effect  of  the 
ground  plane,  the  equivalent  dimension  of  this  plate  is  8  x  16 
in.  It  is  interesting  to  note  that  the  image  plane  prevents  the 
natural  modes  with  symmetries  of  Kx  =  (e,  e);  Ky  =  ( o ,  o) 
and  Kx  =  (o,  e );  Ky  =  (e,  o)  from  being  excited.  The  dot¬ 
ted  line  indicates  the  beginning  of  the  late-time  portion  of  the 
measured  response. 

Five  natural  frequencies  have  been  extracted  from  the  late¬ 
time  portion  of  the  measured  response  using  the  continuation 
method  [10],  [11],  Out  of  the  five  modes,  the  first  two  are  of 
symmetry  Kx  =  (o,  o);  Ky  =  (e,  e ),  and  the  other  three  are 
of  symmetry  Kx  =  (o,  o);  Ky  =  ( e ,  e).  In  order  to  confirm 
the  reliability  of  the  experimental  result,  the  late-time  response 
is  reconstructed  by  using  the  extracted  five  modes  and  com¬ 
pared  to  the  original  data.  Fig.  9(a)  provides  a  comparison 
between  the  natural  frequencies  experimentally  extracted  and 
those  predicted  from  theory.  The  agreement  of  radian  frequen¬ 
cies  between  experiment  and  theory  is  excellent.  As  we  mi  :ht 
expect,  the  agreement  of  damping  coefficients  is  not  sat ; 
ing  since  the  experimental  extraction  of  damping  coefficie 
is  very  noise-sensitive.  At  the  same  time  the  available  modes 
predicted  from  the  existing  formulation  are  listed  in  the  table 
under  Fig.  9(b)  [8).  We  can  see  that  the  existing  formulation 
works  equally  well  for  the  dominant  modes,  but  there  are  two 
absent  modes  here  which  are  experimentally  measurable 

As  the  last  example.  Figs.  10(a)  and  10(b)  show  the  ex¬ 
perimental  results  using  a  10  x  4  in  rectangular  plate.  Four 
natural  modes  are  extracted  from  the  measured  response,  and 
they  are  compared  with  theory.  The  comparison  between  the 
reconstructed  late-time  response  and  the  received  original  re¬ 
sponse  implies  that  more  higher  order  modes  are  required 
to  present  this  response.  For  the  chosen  coordinate,  only  the 
modes  with  symmetries  of  Kx  =  (e,  e);  Ky  =  (o,  o)  and 
K„  —  ( e ,  o);  K y  —  (o,  e )  are  excited.  The  first  mode  is 
the  dominant  mode,  and  the  consistency  between  theory  and 
experiment  is  apparent.  The  fourth  mode  is  actually  the  dom¬ 
inant  mode  with  symmetry  of  Kx  =  ( e ,  o)\  Ky  =  (o,  e),  as 
is  also  well  verified  by  experiment. 

VII.  Conclusion 

A  new  coupled  surface  integral  equation  formulation  for 
determination  of  natural  frequencies  of  a  rectangular  plate  has 
been  proposed.  The  numerical  solutions  to  this  formulation 
by  the  method  of  moments  and  extensive  numerical  results 
have  been  presented.  An  experiment  has  been  conducted  to 
verify  the  natural  frequencies  predicted  by  the  theory.  It  seems 
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Fig.  9.  Experimental  measurement  and  natural  mode  extraction  of  the  transient  scattering  response  from  a  4i  x  1 69  rectangular 

plate. 


» 


» 


Relative 

Amplitude 


•  to 


v 


Fig.  10 


Experimental  measurement  and  natural  mode  extraction  of  the  transient  scattering  response  from  a  4/  x  IQi  rectangular 


plate 


that  the  present  formulation  can  predict  more  higher  natural 
modes,  in  addition  to  the  dominant  modes,  than  the  existing 
formulation  (8).  Also,  no  convergence  problem  was  encounted 
in  the  present  formulation. 
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The  Singularity  Expansion  Method 
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Abstract: 

The  singularity  expansion  method  (SEM)  for  quantifying  the  transient 
electromagnetic  scattering  from  targets  illuminated  by  pulsed  EM  radiation  is 
reviewed.  SEM  representations  for  both  induced  currents  and  scattered  fields 
are  presented.  Natural -resonance -based  target  identification  schemes,  based 
upon  the  SEM,  are  described.  Various  techniques  for  the  extraction  of 
natural -resonar  'e  modes  from  measured  transient  response  waveforms  are 
reviewed.  Discriminant  waveforms  for  target  identification,  synthesized  based 
upon  the  complex  natural -resonance  frequencies  of  the  relevant  targets,  are 
exposed.  Particular  attention  is  given  to  the  aspect- independent  (extinction) 
E-pulse  and  (single-mode)  S-pulse  discriminant  waveforms  which,  when  convolved 
with  the  late-time  pulse  response  of  a  matched  target,  produce  null  or  mono¬ 
mode  responses,  respectively,  through  natural -mode  annihilation.  Extensive 
experimental  results  for  practical  target  models  are  included  to  validate  the 
E-pulse  target  discrimin.  tion  technique.  Finally,  anticipated  future  exten¬ 
sions  and  areas  requiring  additional  research  are  identified. 
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I .  Introduction 

The  singularity  expansion  method  (SEM)  was  introduced  in  1971  as  a  way  Co 
represent  the  solution  of  electromagnetic  interaction  or  scattering  problems 
in  terms  of  the  singularities  in  the  complex- frequency  (s  or  two-sided- 
Laplace-transform)  plane  [ 3 j .  Particularly  for  the  pole  terms  associated  with 
a  scatterer  (natural  frequencies),  their  factored  form  separates  the  depend¬ 
encies  on  various  parameters  of  the  incident  field,  observer  location,  and 
scatterer  characteristics,  with  equally  simple  form  in  frequency  (poles)  and 
time  (damped  sinusoids)  domains.  Besides  the  application  to  EMP  (nuclear 
electromagnetic  pulse)  interaction  problems,  it  was  recognized  from  the  begin¬ 
ning  that  SEM  was  useful  for  scatterer  identification  due  to  the  aspect- inde¬ 
pendent  nature  of  the  pole  locations  in  the  complex  frequency  plane. 

There  has  been  quite  a  lot  of  work  done  on  SEM  since  the  basic  structure 
was  outlined  in  1971  [45],  The  complete  bibliography  is  far  too  lengthy  to  be 
included  here,  but  is  included  in  [29].  There  are  several  book  chapters  and 
review  papers  which  summarize  the  major  parts  of  SEM  theory  [17,19,23,24,45]; 
one  of  these  summarizes  numerical  examples  of  surface  currents  [19].  Here  we 
also  mention  the  early  papers  which  began  SEM  [3-5]. 

II.  Singularity  Expansion  of  Currents  on  Scatterers 

As  In  Fig.  1,  let  there  be  some  finite-size  object  in  free  space.  While 
this  is  typically  taken  as  a  perfectly  conducting  object  with  only  a  surface 
current  density  on  the  surface  S  (with  coordinate  rg)  the  results  are  readily 
generalized  to  volume  current  density.  The  general  coordinate  r  is  chosen 
referenced  to  the  center  of  the  minimum  circumscribing  sphere  (radius  a)  of 
the  scatterer  for  optimum  aspect- independent  convergence  of  the  poles  series 
[30.57]. 

The  incident  field  is  taken  as  a  plane  wave  with  electric  field 


i(inc)(r,s)  -  E  ?(s)t  e  7  1  ,  E(inc)(r,t)  -  E  f ( t  -  -^)T  (2.1) 

op  o  c  p 

7  -  s  ■  complex  frequency  (Laplace -transform  variable) 


c  ”  «  ) 
o  o 


speed  of  light,  ■  direction  of  incidence 


1  ■  direction  of  polarization  (1  *1,  -  0) 

P  P  1 

f(t)  ■  waveform,  -  ■  Laplace  transform  (two  sided) 


The  surface  current  density  is  related  to  the  incident  field  via  an  integral 
equation 


<  >  -  i<lnc)(?s,S)  -  y;s>.i<lnc)<;s,S)  <2.2; 


w  • 1  •  vw.>-  1  ■ idencity  -  y,  ♦  yy  +  yz 

T  (r  )  ■  outward  pointing  normal  to  S. 
j  s 


Here  we  have  taken  the  impedance  or  E-field  integral  equation.  Any  other  such 
equation  will  also  do  since  here  we  are  concerned  only  with  the  general  form 

of  the  solution,  rather  than  numerical  computations.  The  kernel  Zt(rs>r^;s) 
here  is  symmetric  and  involves  the  free-space  dyadic  Green's  function  [58], 
Denote  the  symmetric  product  (no  implied  conjugation)  as  <  ,  >  involving 
integration  over  the  common  coordinates. 

The  SEM  form  of  the  solution  is 
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+  singularities  of  f(s)  +  possible  entire  function 

where  only  first-order  poles  have  been  included,  but  poles  of  higher  order  are 
possible  in  special  circumstances  [17,24].  We  have  the  terms 
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coupling  coefficient 
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In  time  domain  the  poles  [s-s  1  e 
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are  replaced  by  e  °  u(t-t  ). 


Note  the  inclusion  of  a  turn-on  time  t  since  the  definition  of  t-0  is  arbi 

o 

trary  (say-a/c,  or  first  arrival  at  the  scatterer)  [30]. 


While  we  ere  noC  concerned  here  with  numerical  computations  per  se,  it  is 
instructive  to  think  of  the  general  integral  equation  (2.2)  as  a  matrix  equa¬ 
tion  (via  the  moment  method)  with  N  expansion  and  N  testing  functions  [19] 
(here  chosen  symmetrically)  as 

(Z.  (s)).(J  (s))  -  (E<inc)(s))  (2.5) 

n,m  n  n 

Then  (2.4)  becomes 
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Since  these  terms  are  experimentally  observable  and  can  be  obtained  from 

scattering  data  [53],  then  all  correct  formulations  (integral  equations  or 

other)  must  give  the  same  results.  As  can  be  seen  in  these  formulas  the  sq 

are  aspect  independent  (i.e.  independent  of  the  incident- field  parameters), 

this  being  a  powerful  result  which  will  be  discussed  later  in  the  context  of 

scatterer  identification.  In  the  context  of  computations,  the  determinant 

equation  in  (2.6)  gives  a  means  of  calculating  the  sq.  While  one  can  find  the 

zeros  of  det((2t  (s)))  b-  various  iterative  procedures,  there  are  two  power - 
n,m 

ful  contour -integral  techr  ques  involving  the  argument  number  (generalized) 
and  the  residue  theorem  w'r  ch  rely  on  the  property  of  the  determinant  as  an 
analytic  function  in  the  complex  s  plane  [24]. 

One  of  the  important  early  SEM  results  was  that  the  response  (2.3) 
included  no  branch  integrals  provided  we  are  dealing  with  a  finite-size, 
perfectly-conducting  (or  suitable -simple -media)  object  and  the  exciting  wave¬ 
form  had  no  branch  cuts  [3,4].  Two-dimensional  objects  (infinite  in  one 
direction),  on  the  other  hand,  do  have  a  branch  contribution  [19],  If  the 
object  is  embedded  in  an  infinite  lossy  medium,  there  is  also  a  branch  cut 
introduced  [31].  Branch  cuts  are  readily  included  in  the  SEM  formalism  when 
needed  and  can  be  thought  of  as  a  continuous  distribution  of  poles  [24], 

There  is  the  case  of  the  elusive  entire  function  (or  singularity  at  «) . 
While  this  is  an  area  of  continuing  research,  let  us  briefly  summarize  what  is 
currently  known.  Assume  that  the  turn-on  time  tQ  in  (2.3)  is  judiciously 


chosen  so  that  It  Is  when  or  before  the  incident  wave  reaches  the  observation 
position  on  S  [19],  and  no  sooner  than  the  earliest  time  that  the  pole  series 
converges  [30].  The  numerical  results  for  step-function  incident  waves  (?(s) 

-  1/s)  show  Chat  no  entire  function  is  required  in  this  case  for  the  various 
example  problems  [19].  Furthermore  there  is  no  pole  at  s  -  0  due  to  the  lack 
of  scatterer  response  there  [3].  The  impulse  (5  function)  response  is  another 
matter.  As  discussed  in  [40]  this  leads  to  an  "essential  entire  function" 
related  to  the  physical  optics  terms.  Similarly,  if  one  considers  an  antenna 
(such  as  a  gap  in  a  wire),  one  can  have  such  an  entire  function  as  a  simple 
additive  constant  in  the  input  admittance  [24,27].  Asymptotic  behavior  as  s-»0 
and  s-*«  can  help  in  establishing  the  best  form  to  use  [24],  Note  that  this 
entire-function  determination  is  separate  from  what  is  the  most  efficient 
early-time  representation.  Instead  of  summing  up  a  large  number  of  poles,  one 
can  use  a  small  number  of  high-frequency  terms  (GTD)  involving  physical  optics 
and  creeping  waves  [40] . 

Mentioning  a  few  related  topics,  there  is  the  eigenmode  expansion  method 
(EEM)  in  which  the  integral  operator  in  (2.2)  is  diagonalized  to  give  s- 
dependent  eigenmodes  which  can  be  used  to  order  the  natural  modes  [17,24], 

This  is  not  unique  in  the  sense  that  there  are  various  integral  equations  that 
one  can  >.se,  giving  different  sets  of  eigenmodes.  The  impedance  integral 
equation  is  of  interest,  in  that  one  can  consider  the  synthesis  of  eigenimpe- 
dances  (shifting  natural  frequencies  by  imy  *ance  loading  of  the  scatterer) . 
There  is  also  the  whole  subject  of  synthesis  of  equivalent  circuits  from  the 
SEM  representation  of  antennas  and  scatterers  [24]. 


III.  Extension  to  Scattered  Far  Fields 

Consideration  of  the  currents  on  the  scatterer  has  already  led  to  the 
location  of  the  sq  in  the  s  plane  (aspect  independent)  as  a  useful  property 
for  identification.  Extending  to  the  far  fields  one  can  ask  if  there  are 
other  potentially  useful  properties.  Early  considerations  of  this  were  in 
terras  of  far  natural  modes  [6,15,17,19]. 

Recently  a  more  complete  theory  has  emerged  [58].  The  far  scattered 
field  is  written  in  SEM  form  as 
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Note  the  reciprocity  relationship 

2r  (V  “  V*V’  (W  “  ^f(W  (3.2) 

a  a  a 

The  scattering  residue  for  the  sq  pole  takes  the  form  of  a  single  dyad  (for  a 

single  mode  (non  degenerate))  which,  taken  as  a  2x2  matrix,  has  zero 
a 

determinant,  this  property  being  observable  in  experimental  scattering  data. 

Note  that  for  each  pole  the  polarization  of  the  far  field  is  determined  by  the 

st 

vector  2r  ( 1  ) ,  which  in  combination  with  the  complex  exponential  e  a  u(t-t  ) 
a  0 

gives  what  can  be  termed  elliptical  spiral  polarization.  This  is  a  charac¬ 
teristic  of  the  scatterer,  not  the  incident  field,  and  so  can  be  termed  a 
scatterer  polarization  vector  (as  seen  at  the  observer).  Referring  to  Fig.  1, 
one  can  interpret  this  scatterer  polarization  as  the  average  direction  of  the 
natural  mode  currents  ( j_Tr)  as  weighted  by  the  integral  with  7a  along  the  T 
direction  For  long  slender  objects  this  gives  a  simple  geometric  interpreta¬ 
tion. 

Figure  1  gives  the  unit  vectors  for  incident  and  far  scattered  fields. 
Note  that  in  the  far-field  expansion  one  cannot  in  general  let  |s|  •+  *>  since 
the  transition  from  near  to  far  field  is  in  general  a  function  of  s.  In  time 
domain  this  appears  in  the  form  of  errors  in  the  expression  for  very  small 
time  changes  which  do  not  concern  us  here. 

In  terms  of  coupling  coefficients  (scalars)  we  have 

(tr.,tn;t1,t  )  -  Wolm.Cf  (tr>t1)*l  -  far  coupling  coefficient 
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If  we  normalize  rfa  so  that  it  has  value  1  (and  peak  magnitude)  at  1^ 

-  1  ,  and  similarly  for  rj  ,  then  we  can  have 

Po  ra 
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which  gives  the  reciprocity- related  result 


(3.5) 


with  superscript  n  denoting  the  normalized  coefficients.  Then  the  normalized 
far  coupling  coefficient  is 
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For  the  case  of  backscattering  with  measurement  parallel  to  the  incident  field 
we  have 
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In  normalized  form  this  is 
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This  is  a  powerful  result  in  that  it  implies  that  one  can  measure  either 

(n)  Q 

(far  field)  or  '  (on  S)  and  infer  the  other.  Note  that  this  applies  for  a 

case  (typical)  of  non-degenerate  modes. 

If  one  has  the  various  polarizations  in  transmission  and  reception  avail¬ 
able,  then  one  can  deal  with  the  scattering  residue  dyadic.  For  backscatter¬ 
ing,  we  have  the  usual  (for  radar)  h,v  coordinate  orientations  as  in  Fig.  1. 
Then  it  is  convenient  to  introduce 
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In  this  form  the  is  what  is  measurable  in  (3.1),  the  normalization 

a 

constant  being  an  artifice  of  scaling  the  natural  mode.  For  non-degenerate 
modes  this  dyad  is  characterized  by  a  single  2-component  (transverse)  complex 
vector.  This  is  to  be  compared  to  the  usual  case  of  a  backscattering  dyad  as 
a  symmetric  (due  to  reciprocity)  2x2  matrix  characterized  by  three  complex 
numbers . 

If  there  is  a  modal  degeneracy,  the  situation  is  a  bit  more  complicated. 
This  occurs  for  a  body  of  revolution  (C^  symmetry)  which,  it  it  has  a  symmetry 
plane  containing  the  axis,  gives  a  two-fold  degeneracy  with  symmetric  and 
antisymmetric  parts  with  respect  to  the  symmetry  plane  P  through  the  observer. 
Then  (3.9)  generalizes  to  (5  real  numbers) 
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In  terms  of  h,v  components  the  2x2  matrix  has  (transverse  components  only) 
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from  which  both  eigenvalues  are  readily  determined.  The  normalized  eigenvec¬ 
tors  are  real  unit  vectors . 

The  various  types  of  scattering  residue  dyadics  treated  in  [58]  are 
summarized  in  Table  1.  Note  that  further  reductions  occur  for  cases  where  s 

a 

is  on  the  negative  real  axis  of  the  s  plane  due  to  the  real -valued  nature  of 
measurable  parameters  there. 

In  the  context  of  the  far  field,  the  entire  function  contribution  is 
further  complicated  due  to  the  time  derivative  (or  multiplication  by  s)  in 
going  from  currents  to  far  fields.  This  emphasizes  the  high-frequency  or 


fast -time -change  (early-time  plus  possibly  other  times)  part  of  the  scattered 
field,  where  the  entire  function  should  contribute  most.  Appropriate  choice 
of  the  incident-field  waveform  F(t)  should  suppress  this  somewhat,  say  by 
beginning  the  waveform  as  a  ramp  function.  This  requires  further  investiga¬ 
tion.  Note  also  that  as  s-*«  the  far- field  approximation  breaks  down,  further 
complicating  matters.  In  any  event,  the  pole  terms  contain  the  information 
discussed  here  so  our  concern  is  being  able  to  find  these  in  the  experimental 
data. 

IV.  Natural -Resonance -Based  Target  Discrimination 

The  SEM  exposed  in  Sections  II  and  III  suggests  that  the  late-time  scat¬ 
tered  field  of  a  target,  interrogated  by  pulsed  EM  radiation,  can  be  repre¬ 
sented  as  a  sum  of  natural- resonance  modes.  Since  the  excitation- independent 
natural  frequencies  depend  upon  the  detailed  size  and  shape  of  the  target, 
then  the  full  complement  of  those  frequencies  is  unique  to  a  specific  target 
and  provides  a  potential  basis  for  its  identification.  A  prominent  early 
effort  to  approximate  the  transient  and  impulse  response  of  a  target  was  that 
of  [2].  Here  the  emphasis  was  on  the  early-time  (profile  function)  and  late¬ 
time  ramp  response  (polarizability) ,  while  the  presence  of  a  resonance  region 
was  recognized.  This  was  followed  by  attempts  [8,9,11,12,64]  to  identify  and 
discriminate  targets  by  examination  of  the  natural- frequency  content  in  their 
pulse -response  waveforms.  Other  efforts  on  target  imaging  [10,16,20]  were 
based  upon  the  broadband  transient  responses  of  those  targets.  These  methods 
are  limited  by  the  low  energy  content  in  the  late- time  transient  responses  of 
practical  low-Q  targets. 

Identification  of  targets  based  upon  their  natural  resonances  precipi¬ 
tated  extensive  research  on  the  extraction  of  natural  frequencies  from  meas¬ 
ured  target  pulse  responses.  The  first  such  efforts  [13,18]  were  based  upon 
Prony's  method,  but  in  the  practical  low  signal- to-noise  environment  only  one 
or  several  modes  could  be  reliably  extracted  using  that  inherently  ill-condi¬ 
tioned  algorithm.  Various  improvements  to  Prony's  method  included  [26],  where 
an  effort  was  made  to  identify  and  exclude  non-physical  "curve-fitting"  poles. 
Finally,  efforts  to  overcome  the  ill-conditioned  nature  of  natural- frequency 
extraction  from  noisy  measured  data  [35,54]  exploited  the  use  of  multiple  data 
sets . 

Various  discriminant  waveforms,  synthesized  to  identify  a  specific  target 
response  from  among  an  ensemble  of  such  returns,  have  emerged.  These  are 
linear  time -domain  filters  which,  when  convolved  with  the  target  responses  to 
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which  they  are  matched,  annihilate  pre- selected  natural -frequency  content  of 
those  responses.  The  excitation- independent  natural  frequencies  of  the 
relevant  target  can  be  measured  in  the  laboratory  using  scale-model  targets  in 
an  optimal  low-noise  environment.  The  first  such  synthesized  signal  was 
Kennaugh's  K-pulse  [28],  defined  as  that  waveform  of  minimal  duration  which 
would  "kill"  all  the  natural  modes  in  the  resulting  target  response.  More 
recent  discrimination  waveforms  [44,49]  are  the  (extinction)  E-pulse  and 
(single-mode)  S-pulse,  which  are  detailed  below.  The  E-pulse  is  synthesized 
to  annihilate,  when  convolved  with  a  band- limited  late -time  target  pulse 
response,  all  natural  modes  present  in  that  response.  The  S-pulse  is  an  E- 
pulse  synthesized  to  annihilate  all  but  one  natural  mode  of  a  target,  so  when 
it  is  convolved  with  that  target  response  a  single  natural  mode  emerges. 
Characteristics  of  the  K-pulse  and  the  E-pulse  have  recently  [52]  been  com¬ 
pared.  A  similar  discriminant  pulse  [55],  based  upon  natural-mode  annihila¬ 
tion,  has  been  conceptualized  using  a  different  synthesis  scheme.  Parametric 
modeling  methods  have  also  been  exploited  [25]  to  identify  targets  from  their 
transient  electromagnetic  returns.  Discriminant  waveforms  for  any  number  of 
targets  can  be  synthesized,  based  upon  natural  frequencies  measured  in  the 
laboratory,  and  stored  in  disk  files  for  subsequent  convolution  with  a  meas¬ 
ured  target  return  to  discriminate  that  target.  The  most  recent  efforts  on 
discriminant  waveform  synthesis  [50,53,60,65]  have  resulted  in  methods  to 
construct  those  signals  directly  from  measured  target  response  data,  without 
a-priori  knowledge  of  the  natural  frequencies.  Each  of  those  techniques 
ultimately  yields  the  natural  frequencies  from  zeros  of  the  corresponding 
discriminant  signal  spectrum.  Synthesis  of  the  E-pulse  is  detailed  below,  as 
well  as  its  implementation  for  natural -mode  extraction  and  target 
discrimination. 

Synthesis  conditions  for  an  E-pulse  waveform  can  be  easily  established. 

It  has  been  shown  that  the  scattered  field  response  of  a  conducting  object  can 
be  written  in  the  late-time  as  a  sum  of  damped  sinusoids 

N  at 

r(t)  -  S  a  e  n  cos(w  t  +  )  t  >  tT  (4.1) 

,  n  n  n  L 

n-1 

where  T^  is  the  beginning  of  the  late -time  response,  an  and  4>n  are  the  aspect 
dependent  amplitude  and  phase  of  the  nth  mode,  s  -  a  +  jw,  and  only  N  modes 
are  assumed  excited  by  the  incident  field  waveform.  The  convolution  of  an  E- 
pulse  waveform  e(t)  having  duration  Tfi  switch  the  above  response  is  given  by 
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E(s)  -  L{e(t))  -  f  *  e(t)e*SCdt 


(4.3) 


is  the  Lap lacs  cransforn  of  Che  E-pulse.  Conscruceing  an  E-pulse  Co  produce  a 
null  late- tine  convolved  response,  c(c)  -  0,  is  seen  to  require 


E<.„>  -  E(»n>  -  0 


1  <  n  <  N 


(4.4) 


A  single-node  extraction  signal  necessitates  the  same  except  for  n  *  m  to 
leave  the  mch  node  "unextinguished"  in  the  convolved  response. 

The  E-pulse  is  represented  as 


e(t)  -  ef(t)  +  ee(t) 


(4.5) 


where  e  (t)  is  a  forcing  component  which  excites  the  target's  response,  and 
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e  (t)  is  an  extinction  component  which  extinguishes  the  response  due  to  e  (t) 

The  forcing  component  is  chosen  £reely,  while  the  extinction  component  is 

expanded  in  a  set  of  basis  functions 


e  (t)  -  Z  a  f  (t) 


(4.6) 


and  Che  synthesis  conditions  are  applied.  For  an  E-pulse  designed  to  extin¬ 
guish  all  the  modes  of  a  target  response,  (4.4)  results  in  a  matrix  equation 
for  the  basis  function  amplitudes 
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F  (s)  -  L{ f  (t) J ,  E-(s)  -  L( eE(t) } 

m  me 

and  M  -  2N  is  chosen  to  make  the  matrix  square.  Note  Chat  if  a  DC  offset 
artifact  is  present  in  the  measured  response  the  E-pulse  can  be  synthesized  to 
remove  the  DC  by  demanding,  in  addition  to  the  above  requirements,  E(s-O)  -  0. 


The  matrix  equation  (4.7)  has  a  solution  for  any  choice  of  E-pulse  dura¬ 
tion.  However,  for  some  choices  of  T  the  determinant  of  the  matrix  vanishes, 

f  e 

and  (4.7)  has  a  solution  only  if  e  (t)  -  0.  This  type  of  E-pulse  is  termed  a 
"natural"  E-pulse ,  while  all  others  are  called  "forced"  E- pulses. 

A  variety  of  basis  functions  have  been  used  in  the  expansion  (4.6), 
including  S-functions  [44,51],  Fourier  cosines  [39],  damped  sinusoids  [33], 
and  polynomials  [42,43].  While  each  choice  has  its  own  important  motivation, 
perhaps  the  most  versatile  expansion  is  in  terms  of  subsectional  basis  func¬ 
tions  [49] 
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so  that  T  -  2NA  and 
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giving  a  matrix  of  the  Vandermonde  type.  The  determinant  of  this  matrix  is 
zero  when 
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P  -  1.2,3 . 


1  <  k  <  N 


(4.10) 


revealing  that  the  duration  of  a  natural  E-pulse  is  only  dependent  upon  the 
imaginary  part  of  one  of  the  natural  frequencies.  The  minimum  natural  E-pulse 
duration  is  just 


T  -  2N  — 
e  u> 


(4.11) 


where  is  the  largest  radian  frequency  among  the  modes. 

Early  researchers  interested  in  experimentally  determining  natural  fre¬ 
quencies  concentrated  on  Prony's  method  [13,21,46]  but  soon  found  the  tech¬ 
nique  to  be  highly  sensitive  to  both  random  noise  and  estimates  of  the  number 
of  poles  present  in  the  data  [22,25].  In  its  basic  form,  Prony's  method  is 
inherently  an  ill-conditioned  algorithm  [1],  but  several  recent  improvements 
have  made  the  scheme  more  robust  [52]  while  techniques  have  also  been  devised 
for  estimating  pole  content  [37,61],  A  variety  of  other  techniques  for 
resonance  extraction  have  been  introduced,  including  the  pencil-of- function 
methods  [34,48,59]  and  several  nonlinear  [38,47,58]  and  combined  linear-non- 


linear  [7,14]  least  square  approaches.  In  addition,  Ksienski  [41]  has  out¬ 
lined  the  benefits  of  using  multiple  data  sets,  while  Baum  has  stressed  the 
importance  of  incorporating  a  priori  information  about  the  scatterer  [36J. 

Particularly  suited  for  radar  target  applications  are  a  group  of  reso¬ 
nance  extraction  techniques  which  synthesize  the  discriminant  waveform  direct¬ 
ly  from  the  measured  data,  and  provide  the  natural  resonance  frequencies  as  a 
by-product  of  the  algorithm.  Several  authors  have  developed  algorithms  around 
this  approach  [50,60,65]  and  typical  is  the  E-pulse  mode  extraction  scheme 
described  as  follows. 

Let  r^ft)  represent  the  scattered  field,  current  or  charge  response  of  a 
target  to  an  interrogating  waveform,  measured  at  aspect  angle  k,  k  -  1,...,K. 
The  convolution  of  an  E-pulse  for  the  target  with  the  measured  response  will 
be  zero  at  each  aspect  angle.  Writing  the  convolution  in  the  time  domain  and 
using  the  expansion  (4.6)  gives 

2N  T  T  f 
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where  T.  is  the  beginning  of  late- time  for  the  kth  measurement  and  N  is  the 

K 

number  of  modes  expected.  Matching  both  sides  of  the  equation  at  discrete 
times  t^,  i  -  1,2,...,L,  yields  a  matrix  equation  for  the  E-pulse  amplitudes 
(at^).  Generally  the  product  KL  is  chosen  to  be  greater  than  2N,  so  that  the 
matrix  equation  is  overdetermined,  and  a  solution  is  obtained  using  least 
squares  and  the  singular-value  decomposition.  Once  the  E-pulse  waveform  is 
determined,  the  natural  frequencies  in  the  measured  response  can  be  determined 
by  solving  for  the  roots  (s^)  to  E(s)  -  0.  That  is,  if  the  convolution  of 
r^(t)  and  e(t)  is  zero,  E(s)  must  be  zero  at  the  complex  frequencies  compris¬ 
ing  r^(t).  If  subsectional  basis  functions  are  used  in  the  E-pulse  expansion, 
and  the  forcing  function  is  chosen  to  be  an  identical  subsectional  function, 
then  by  (4.9)  the  solutions  to  E(s)  -  0  are  merely  the  roots  of  a  polynomial 
equation 

2N+1 

S  a  Zm  -  0  (4.13) 

m-1 

where  is  the  amplitude  of  the  forcing  pulse. 

The  above  scheme  is  found  to  be  quite  insensitive  to  both  the  presence  of 
random  Gaussian  noise  and  to  estimates  of  the  modal  content  of  the  measured 


data,  if  the  proper  E-pulse  duration  is  used.  See  [53]  for  typical  results 
using  measured  data.  Incorporating  multiple  aspect  data  is  important,  as  the 
modal  amplitudes  {a^l  are  highly  aspect  dependent- -some  modes  may  not  be 
excited  at  certain  aspects. 

Empirical  results  show  that  if  Tfi  is  chosen  to  be  less  Chan  the  minimum 
natural  E-pulse  duration  (4.11)  the  resulting  E-pulse  is  highly  oscillatory 
with  a  majority  of  its  energy  above  “max  [42]  and  poor  results  are  obtained  in 
the  presence  of  random  noise.  It  is  tempting  to  solve  (4.12)  in  the  least 
squares  sense  and  choose  the  E- Dulse  duration  which  produces  a  minimum  error, 
but  this  approach  is  often  misleading.  For  certain  values  of  Tg  a  good  solu¬ 
tion  to  (4.12)  may  produce  solutions  to  (4.13)  which  are  poor  approximations 
to  the  actual  resonant  frequencies  present  in  r^(t).  This  dilemma  can  be 
resolved  by  choosing  the  value  of  Tr  which  results  in  the  solution  to  (4.13) 
which  best  reproduces  the  measured  data;  i.e.,  Tg  is  chosen  to  minimize 
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where  is  the  late-time  energy  in  rk(t),  rk(t)  is  the  reconstructed  waveform 
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and  the  norm  is  over  the  late  time  t  >  Tt  +  T  .  Here  (s  -  a  +  iw  )  are  the 
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solutions  to  (4.13)  while  (a  .  ,  ^  ,  }  minimize  t,  with  T  and  (s  )  fixed. 
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Interestingly,  an  E-pulse  duration  found  in  this  manner  very  often  approaches 
that  of  a  natural  E-pulse  (4.10),  suggesting  that  the  natural  E-pulse  is 
optimum  for  target  discrimination  in  the  presence  of  random  noise. 

V.  Experimental  Validation  of  the  E-pulse  Method 

The  E-pulse  radar  target  discrimination  scheme  has  been  successfully 
demonstrated  on  numerous  occasions  using  measurements  taken  on  a  ground  plane 
range  [44,49,63].  Recently,  a  time  domain  anechoic  chamber  has  been  imple¬ 
mented  at  Michigan  State  University  for  the  purpose  of  demonstrating  the  E- 
pulse  technique  in  a  free  field  environment.  The  chamber  allows  a  simulation 
of  the  free-space  r„lar  environment  where  realistic  scale-model  targets  can  be 
illuminated  at  arbitrary  aspect  and  polarization. 

The  chamber  is  24*  long  by  12'  wide  by  12'  high  and  is  lined  with  12" 
pyramid  absorber.  A  pulse  generator  provides  a  half  nanosecond  duration 
pulre  to  an  American  Electronic  Laboratories  model  H-1734  wideband  horn  (0.5-6 


GHz)  which  has  been  resistively  loaded  to  reduce  inherent  oscillations,  and 
the  field  scattered  from  a  radar  target  is  received  by  an  identical  horn.  A 
waveform  processing  oscilloscope  is  used  to  acquire  the  received  signal  and 
the  data  is  then  passed  to  a  microcomputer  for  processing  and  analysis. 

Accurate  discrimination  among  eight  different  target  models  at  a  variety 
of  aspects  has  been  demonstrated  using  the  free  field  range.  The  targets, 
shown  in  Fig.  2,  include  simple  aluminum  models  as  well  as  detailed  cast-metal 
models,  and  range  in  fuselage  length  of  from  six  to  eighteen  inches.  Fig.  3 
shows  the  responses  of  the  big  F-15  and  A- 10  target  models  measured  at  a  45° 
aspect  angle  (0°  aspect  is  nose-on  to  the  horns),  with  the  early  and  late-time 
portions  of  the  responses  indicated.  Note  that  the  late- time  period  begins  at 
different  times  for  the  two  targets,  due  to  their  dissimilar  sizes.  E-pulse 
waveforms  have  been  constructed  to  eliminate  all  the  modes  of  each  target 
using  the  E-pulse  mode  extraction  scheme  with  measurements  from  five  differ¬ 
ent  aspect  angles.  These  waveforms  are  shown  in  Fig.  4. 

Discrimination  between  the  big  F-15  and  the  A- 10  can  be  accomplished  by 
convolving  the  E-pulses  with  the  measured  responses,  and  observing  which  E- 
pulse  produces  the  smallest  late-time  output.  First  assume  the  45°  response 
of  the  big  F-15  is  from  an  unknown  target.  Figure  5a  shows  the  convolutions 
of  the  two  E-pulses  with  this  response.  Clearly  the  big  F-15  E-pulse  produces 
the  smaller  late -time  signal,  and  thus  the  response  is  identified  as  coming 
from  a  big  F-15  aircraft.  For  the  complementary  situation,  assume  the  45° 
response  of  the  A- 10  is  from  an  unknown  target.  Figure  5b  shows  the  convolu¬ 
tions  of  the  E-pulses  with  this  response.  In  this  case  the  A-10  E-pulse 
produces  the  smaller  late- time  signal,  indicating  the  response  is  from  an  A-10 
aircraft . 

As  the  number  of  prospective  targets  becomes  large,  a  visual  inspection 
of  the  convolved  outputs  becomes  more  subjective,  and  eventually  impractical 
A  scheme  has  therefore  been  devised  to  automate  the  discrimination  decision. 
Ideally,  if  the  E-pulse  convolutions  were  uncorrupted,  the  energy  ratio 
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would  be  zero  only  for  the  correct  E-pulse.  Here  c(t)  the  convolution  of 
the  E-pulse  e(t)  with  the  measured  response,  and  is  the  earliest  time  at 


which  Che  unknown  target  convolution  is  CERTAIN  to  be  a  unique  series  of 
natural  modes 
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where  Tr  is  the  one-way  transit  time  of  the  largest  dimension  of  the  target 
corresponding  to  Che  E-pulse.  (The  largest  dimension  must  be  used  since  the 
target  aspect  is  unknown.)  The  end  of  the  energy  window,  T^g,  is  chosen  so 
that  the  window  width,  ^lE£'^l£s>  *-s  c^e  same  for  all  convolutions. 

To  show  that  successful  discrimination  is  possible  regardless  of  target 
aspect,  E-pulses  for  the  eight  targets  have  been  convolved  with  the  responses 
of  the  big  F-15  measured  at  five  different  aspect  angles  from  0s  (nose-on)  to 
90*  (broadside).  The  energy  ratio  (5.1)  has  been  plotted  as  a  function  of 
aspect  angle  in  Fig.  6  for  each  expected  target.  It  is  obvious  that  for  all 
aspects  tested  the  big  F-15  produces  the  smallest  late- time  convolved 
response,  with  a  minimum  10  dB  difference  in  late-time  energy.  Thus,  the  big 
F-15  is  identified  from  jng  all  the  possible  targets  at  each  aspect  angle. 

Finally,  discrimination  among  all  eight  targets  can  be  demonstrated  when 
any  of  the  eight  is  the  unknown  target.  Table  2  shows  the  energy  ratios  (5.1) 
obtained  by  assuming  that  each  target  in  turn  is  the  unknown  target  and  con¬ 
volving  the  E-pulses  for  each  of  the  eight  expected  targets  with  the  response 
of  the  unknown  target.  Here  the  target  responses  were  all  measured  at  45° 
aspect.  Accurate  discrimination  for  each  target  is  indicated  by  the  minimum 
energy  ratio  being  due  to  the  E-pulse  of  the  unknown  target.  For  example,  the 
convolution  of  the  F-18  E-pulse  with  the  F-18  response  produces  a  late-time 
energy  29.8  dB  below  that  produced  by  the  convolution  of  the  medium  707  E- 
pulse  with  the  F-18  response,  and  15.3  dB  below  that  produced  by  the  convolu¬ 
tion  of  the  B-l  bomber  E-pulse  with  the  F-18  response. 


VI.  Extensions  and  Inplenentation 

The  theoretical  basis  for  the  application  of  SEM  concepts  to  aspect- 
independent  target  identification/discrimination  is  rather  well  established 
and  the  feasibility  of  the  E-pulse  scheme  has  been  well  verified  in  the 
laboratory  with  scale  models  of  various  aircraft  as  described  in  this  paper. 

A  possible  radar  system  based  on  the  E-pulse  techniques  has  been  discussed 
previously  [44] .  To  advance  this  scheme  to  practical  application,  there 
remain  seme  major  tasks  to  be  investigated:  (1)  the  design  of  optimal  trans¬ 
mitting  and  receiving  antennas  and  associated  optimal  waveforms,  (2)  the 


generation  of  high  power  EM  pulses,  and  (3)  the  refinement  of  the  E-pulse 
synthesis  technique. 

Concerning  the  first  task  of  the  antenna  and  waveform  design  for  this 
system,  there  is  very  little  work  done.  Considering  various  aircraft  targets, 
major  resonant  mode  frequencies  are  of  the  order  of  a  few  to  tens  of  MHz, 
implying  pulse  widths  in  the  range  of  ten  to  a  hundred  or  so  nanoseconds  to 
maximize  energy  content  at  these  frequencies.  To  radiate  and  receive  this 
pulse  waveform,  various  antenna  elements  such  as  tapered  and  resistively 
loaded  dipoles,  radiating  transmission  line  antennas  and  TEM  horn  antennas, 
etc.  should  be  investigated.  An  array  of  these  elements  could  be  used  to 
increase  the  signal  strength  and  provide  some  beam  steering  capability.  Two 
or  more  such  arrays,  sufficiently  separated,  might  be  used  to  give  more  accu¬ 
rate  location  of  the  target.  Alternatively,  one  might  combine  such  an  array 
with  a  more  traditional  radar  designed  for  high  spatial  resolution.  It  is 
also  worthwhile  to  look  into  the  possibility  of  modifying  the  antenna  systems 
of  existing  radar  systems  such  as  over-the-horizon  radars  which  utilize  a 
similar  frequency  band. 

There  are  other  types  of  transmitted  waveforms  which  may  warrant  con¬ 
sideration  for  the  E-pulse  radar  discrimination  scheme.  Since  the  transmitted 
radar  signal  is  intended  to  excite  the  resonant  modes  of  the  target,  a  wave¬ 
form  comprising  a  set  of  damped  sinusoids  resembling  the  target's  resonance 
modes  may  be  transmitted  instead  of  a  pulse.  Another  interesting  waveform  may 
be  a  set  of  cw  sinusoids  of  different  frequencies  and  finite  durations  to  be 
transmitted  simultaneously  to  excite  a  set  of  selected  resonant  modes  of  the 
target.  Of  course,  the  antenna  design  will  be  affected  by  the  type  of  trans¬ 
mitted  waveform. 

Regarding  the  second  task  of  the  generation  of  high  power  EM  pulses, 
there  are  indications  that  some  types  of  high  power  EM  pulse  sources  are 
already  available,  developed  in  other  fields  such  as  for  the  electromagnetic 
pulse . 

Finally,  the  task  of  refining  the  E-pulse  synthesis  technique  seems  a 
never  ending  effort.  Even  though  we  and  other  researchers  have  studied  this 
topic  for  many  years,  an  optimal  synthesis  technique  has  yet  to  be  developed. 
The  synthesis  technique  includes  an  accurate  extraction  of  the  natural  fre¬ 
quencies  of  the  target  from  its  measured  pulse  response,  and  the  synthesis  of 
an  optimal  E-pulse  waveform  which  provides  the  most  sensitive  discrimination 
capability  as  well  as  the  most  robust  noise  tolerance. 


Before  ending  this  paper,  cwo  questions  raised  by  a  reviewer  are 
answered:  (1)  The  E-pulse  technique  is  designed  for  non-cooperative  target 

recognition.  When  it  is  used  for  IFF  purpose,  some  unfriendly  targets  with 
unknown  structure  information  can  only  be  identified  as  unknown  targets,  (2) 
the  E-pulse  technique  will  be  affected  by  a  shift  in  the  target's  resonance 
frequencies.  However,  the  shift  due  to  target  motion  is  extremely  small  (in 
the  order  of  v/c  where  v  is  the  target  speed  and  c  the  speed  of  light)  and 
that  due  to  target  deformation  can  be  taken  into  account  for  if  the  type  of 
deformation  is  known  beforehand. 
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-  1.3 
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-  2.5 
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-  0.1 
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-9.2 

-2.9 

-  0.8 
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-  4.9 

-10.9 

-  6.8 

-17.6 

Table  2.  Late- time  energy  in  the  convolutions  of  various  E-pulses  with 
responses  of  various  targets  at  45*  aspects. 


Fig.  1 .  Finite-Size  Object  in  Free  Space  Illuminated  by  Plane  Wave 
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Figure  2. 


Eight  target  models  used  in  discrimination  experi¬ 
ments  in  the  free-field  chamber  scattering  range. 
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gure  3.  Scattered  field  pulse 


Figure  4.  E-pulses  constructed  to  eliminate  the  modes  of  the 

(a)  bid  F-15  and  (b)  A-10. 
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Figure  5.  a)  Convolution  of  the  big  F-15  E-pulse  (solid  1 

and  the  A-10  E-pulse  (dashed  line)  with  the 
response  of  the  big  F— 15.  b)  Convolution  of 
big  F-15  E-pulse  (dashed  line)  and  the  A-10  E-p 
(solid  line)  with  the  45°  response  of  the  A-10. 


Figure  6.  Late-tiae  energy  Croa  convolution  of  eight  target 

E-pulses  with  responses  of  big  F-15  aeasured  at 
various  aspect  angles. 
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NOISE  CHARACTERISTICS  OF  THE  E-PULSE  TECHNIQUE 
FOR  TARGET  DISCRIMINATION 

W.  M.  Sun ,  K.  M.  Chen,  D.  P.  Nyquist,  and  E.  J.  Rothwell 

Department  of  Electrical  Engineering 
Michigan  State  University,  East  Lansing,  MI  48824 


Abstract--In  previous  papers,  the  E-pulse  technique  for  radar  target  discrimina¬ 
tion  has  been  proposed  and  shown  to  be  aspect  ii.dependent  This  paper  presents  the 
results  of  investigation  on  the  noise  characteristics  of  the  E- pulse  technique.  An  error 
estimate  is  derived  for  extracting  natural  frequencies  from  measured  responses  by  a 
least-squares  formulation.  The  signal-to-noise  ratios  of  a  target  response  before  and 
after  the  E-pulse  convolution  is  analyzed.  It  is  shown  that  the  S/N  ratios  of  a 
response  can  be  enhanced  about  20  dB  by  the  E-pulse  convolution.  Also  presented  is 
the  experimental  verification  of  the  large  enhancement  of  S/N  ratios  after  the  E-pulse 
convolution  by  using  scale  airplane  models. 


I.  Introduction 

The  development  of  new  radar  target  discrimination  schemes  has  received  consid¬ 
erable  attention  recently  [1-41.  In  previous  papers,  the  E-pulse  technique  has  been 
proposed  and  applied  successfully  to  various  simulated  targets,  such  as  wire  structures 
[3,5],  conducting  plates  [6]  and  scale  airplane  models  [3,4,7].  One  of  the  most 
encouraging  attributes  of  the  technique  is  its  aspect  independence,  as  demonstrated  by 
experiments  [7].  But  before  the  scheme  is  put  into  practice,  its  noise  performance  has 
to  be  considered. 


This  work  was  supported  by  DARPA  and  ONR  under  Contract  N0OO-14-87-K-O336. 
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Th6  E-pulse  technique  consists  of  synthesizing  discriminant  signals,  including  the 
Extinction-pulse  (E-pulse)  and  single-mode  extraction  pulses  (S-puises),  based  on  the 
natural  frequencies  of  a  target,  and  convolving  those  signals  with  radar  returns  from 
the  targets  to  be  discriminated  [4].  When  the  discriminant  signals  of  a  target  are 
numerically  convolved  with  the  late- time  response  of  the  expected  target,  zero  or 
single-mode  late-time  responses  are  produced  in  the  convolved  outputs.  However, 
when  the  discriminant  signals  of  a  target  are  convolved  with  radar  return  from  a 
different  target,  the  convolved  outputs  are  significantly  different  from  zero  or  single¬ 
mode  responses  in  the  late-time  period. 

This  paper  explores  several  aspects  of  noise  characteristics  of  the  E-pulse  tech¬ 
nique  for  target  discrimination.  First,  a  fairly  good  error  estimate  is  sought  for  extract¬ 
ing  the  natural  frequencies  from  a  measured  target  response  by  a  least-squares  method. 
This  estimation  is  based  on  a  small  perturbation  model.  Then  the  convolution  of  a 
target’s  response  with  its  corresponding  E-pulse,  which  is  synthesized  based  on  the 
noise  perturbed  natural  frequencies,  is  evaluated.  The  visible  variation  of  the  E-pulse 
waveform  to  the  perturbation  of  the  natural  modes  reflects  the  E-pulse’s  potential  in 
discrimination  between  similar  sized  targets,  and  it  suggests  the  necessity  for  extrac¬ 
tion  of  natural  frequencies  from  scale  models  in  a  laboratory  environment  Thereafter 
the  analysis  on  the  signal-to-noise  ratios  is  performed  for  a  target’s  response  before 
and  after  the  E-pulse  convolution.  A  more  than  20  dB  enhancement  of  S/N  ratio 
results  from  the  E-pulse  convolution.  The  last  section  presents  the  experimental 
verification  of  the  noise  performance  of  the  E-pulse  convolution. 


IL  Error  Estimation  on  the  Extraction  of  Natural  Modes 

The  implementation  of  the  E-pulse  target  discrimination  scheme,  which  is  based 
on  natural  resonances  of  the  target,  needs  accurate  information  about  the  natural  fre¬ 
quencies  of  a  target  Unfortunately,  for  most  realistic  targets,  theoretical  and  numeri¬ 
cal  determination  of  the  natural  resonances  is  impossible.  Thus,  the  determination  of 
natural  modes  requires  extracting  the  natural  frequencies  from  measured  responses  of  a 
scale  model.  Since  no  experimental  measurement  can  avoid  envirenmental  noise,  it  is 
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prudent  to  obtain  an  error  estimate  of  the  natural  frequencies  extracted  from  the  noise 
contaminated  measured  responses. 

Various  numerical  algorithms  have  been  reported  to  extract  the  natural  frequen¬ 
cies  of  a  target  from  measured  responses  [8-10].  The  most  popular  technique  is  the 
least-squares  formulation,  including  minimization  of  a  regularized  ill-conditioned 
least-squares  equation  [9]  and  minimization  of  the  energy  [10]  in  the  late-dme  portion 
of  the  convolution  between  the  measured  response  and  the  E-pulse  waveform.  The 
least-squares  problem  is  a  nonlinear  one,  so  a  strict  error  estimation  is  rather  difficult. 
To  make  the  problem  easier,  only  a  linearized  error  estimation  is  pursued. 

A  fundamental  assumption  regarding  a  transient  response  of  a  target  is  that  the 
late-time  part  of  the  response  can  be  represented  by  a  sum  of  damped  sinusoids  [11]. 
The  target  response  can  consequently  be  modelled  by  the  fitting  function 

N 

g(  X,  O  =  £  COS((0„{  +  (DO  (1) 

where  x  is  the  vector  of  fitting  parameters 

x  =  cr,.  .  .  ,CN\  OJj,  •  •  •  ,co*;  (2) 

The  measured  time-sampled  data  is  written  in  a  vector  form 


and  the  fitting  function  is  sampled  into  a  vector  at  the  same  time  instants  as  the  meas¬ 
ured  data 

g(x.'i) 

G(x)  =  (4) 
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The  function  to  be  minimized  is  given  by  the  sum  of  the  squared  residues 
A(x)  =  tB- «(x,OI2  =  |(F  -  G)r(F  -  G) 


where  T  denotes  the  transposition  of  a  matrix,  and  the  derivative  of  (5)  is  denoted  as 

a*, 

Dh(x)  =  ( 


The  j’th  component  of  (6)  can  be  written  in  an  explicit  form  as 
(Dh(x))j  =  -i-A(x)  =  £(/;- 

OXj  ol  OXj 


so  that 


Dh{x)  =  DGt(x)  (C(x)  -  F) 


The  requirement  for  minimization  of  the  function  h(x)  is  thus 

Dh(x)  =  DGt(x)  (C(x)  -  F)  =  0  (8) 

Now  if  an  error  is  somehow  introduced  in  the  sampled  data,  the  regression 
parameters  of  x  will  be  slightly  different  Assuming  that  x,  is  the  solution  with  sam¬ 
pled  data  F\  and  that  x2  is  the  solution  with  sampled  data  F2,  (8)  is  satisfied  for  both 
x,  and  x2. 

DA(x,)  =  DGt(X\)  (G(x,)  -  F,)  =  0  (9) 

Dh(xi)  =  DGr(x2)  (G(x2)  -  F2)  =  0.  (10) 

Subtracting  (10)  from  (9)  yields 

DGt(xx)  (G(x,)  -  F,)  -  DGt(x2)  (C(x2)  -  F2)  =  0  (11) 

An  equivalent  form  is  provided  by 

[DGr(xI>-ZX/T(x2)l(G(x,)-FIl  +  GG^^XjhGlXj)  +  Fj-Fx]  =  0.  (12) 
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An  exact  estimate  of  the  difference  between  x,  and  x2  is  difficult,  but  if  the  per¬ 
turbation  of  the  sampled  data  is  small,  an  approximate  estimate  based  on  (12)  can  be 
constructed.  Now  the  second-order  derivative  of  the  fitting  function  vector  is  used  to 
represent  the  differences  of  both  the  fitting  function  and  its  first  order  derivative 

DGT(xx)-DGT(xi)  =  D2Gt(x2)  (x,  -  xj  (13) 

where  D2G  is  a  three-dimensional  matrix  and 

G(xx)  -  G(x z)  =  DtG(x2)  (x,  -xz)*-!  DDtG(x2)(x{  -  x2)(x,  -  x2)  (14) 


Then,  (12)  results  in 

D2Gt{xJ  (x,  -  x2)(G(x,)  -  F,)  +  DG\x j)[  DTG(x2)(xl  -  xj) 

+  1  DDrG(x2)(x,  -  x2)(x,  -  x2)  +  F2  -  F,]  =  0  ( 15) 


It  is  assumed  that  the  perturbation  of  sampled  data  is  small,  that  is 


lift  ~  fall 
It/Ml 


l 


By  ignoring  the  higher  order  perturbations,  (15)  is  linearized  into  a  form 

DGr(x2)[  DrG(x2)(x,  -  x2)  +  F2  -  F,]  =  0  ( 16) 


An  estimate  for  Xj-x2  is  thus  given  by 

x,  -  X2  =  [DGr(x2)  DTG(xi)Yx  DGT(X2)(F1  -  Fj)  (17) 

It  should  be  pointed  out  that  (17)  is  created  based  on  the  squared-error  function 
(5),  but  the  function  often  used  in  numerical  algorithms  is  a  regularized  cost  fuction 
h(x),  defined  as 

h(x)  =  4  t  Z1 fi-  g(x,t,)\2  +  rr  (1  - 1)  S>,  -  *?l2 

L  m  l  ml 

=  y  x  (F  -  G)r(F  -  G)  +  1  (!  -  x)  (x  -  Xo)r(x  -  xo) 


(18) 
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where  3io  is  a  known  vector.  Here  x  =  l  gives  the  original  minimization  problem, 
while  x  S  1  provides  a  better  conditioned,  regularized  problem.  Solving  a  series  of 
problems  with  x  progressing  from  0  to  1  is  called  a  continuation  method.  It  is  easy  to 
show  the  error  estimate  of  (18)  is 

11*1  -  X2||  £  UDGt(X2)  DtG(X2)  +  (1-x)/  r‘  DGr(x2)||  ||(F,  -  Fj)|| 

=  1151111^-/^1  (19) 

with  /  the  unit  matrix  and  5  defined  as: 

S  =  x  [DGt(x2)  DtG(x  +  (1-x)  /  rl  OGt(x 2)  (20) 

Fig.  1  shows  the  norm  of  the  matrix  .  nen  the  G(X)  is  a  three-mode  fitting  func¬ 
tion  for  the  impulse  response  of  a  30  cr  thin  wire.  The  impulse  response  is  con¬ 
structed  based  on  the  first  five  natural  modes  of  the  thin  wire  which  has  a  60°  aspect 
angle  w.r.L  the  direction  of  the  incident  wave.  The  M  associated  with  the  x  axis  is  the 
length  of  the  vector  F.  Fig.  2  is  the  same  plot  as  Fig.  1  except  five  natural  modes  are 
sought  in  the  fitting  function  of  G(x).  It  is  seen  that  the  norm  of  the  matrix  S  is 
increased  as  x  approaches  unity.  The  norm  of  S  is  much  bigger  when  five  modes  are 
expected.  This  implies  that  when  more  than  a  resonable  number  of  modes  arc 
expected  we  may  have  poor  results  with  some  bad  modes,  though  the  rest  are  quite 
accurate.  The  oscillations  of  the  curves  with  x  close  to  1  reflect  the  ill-conditioned 
nature  of  the  original  least-squares  problem  since  when  x  =  1,  while  the  regularized 
equation  reduces  to  the  original  ’cast-squares  problem.  The  norm  of  S  is  only  the 
maximum  error  estimate  for  the  extracted  natural  frequencies.  The  practical  applica¬ 
tion  of  the  least-squares  method  to  (3)  can  result  in  much  smaller  error. 

To  see  how  the  extracted  natural  frequencies  can  be  shifted  when  the  sampled 
data  is  perturbed.  Table  3.1  lists  the  first  five  natural  frequencies  of  a  30  cm  thin  wire 
extracted  from  an  impulse  response  of  the  thin  wire  by  means  of  a  continuation 
method.  The  impulse  response  is  constructed  based  on  the  first  five  natural  nodes.  It 
is  seen  that  when  the  standard  deviation  of  the  added  white  uniform  noise  is  less  than 
10%  of  the  maximum  amplitude  of  the  data,  the  extracted  modes  are  fairly  close  to  the 
true  values. 
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IIL  The  E-Pulse  Convolution  With  Natural  Modes  Perturbed 

As  most  practical  E-pulses  are  synthesized  based  on  the  extracted  natural  frequen¬ 
cies,  it  is  appropriate  to  ask  the  question  of  whether  the  E-pulse  can  eliminate  the 
natural  resonances  of  late- time  response  scattered  from  an  expected  target,  or  how  the 
E-pulse  convolution  will  be  affected  by  the  shifting  of  the  expected  natural  frequen¬ 
cies. 

The  convolution  of  an  E-pulse  of  duration  T,  with  the  scattered  field  response 
from  a  target  is  represented  by  [7] 

N 

c(t)  =  X  ^lECOI  <r0*cos  (GV  +  y„)  t  >  TL  (21) 

n  m  1 

where  the  £(r)  is  the  spectrum  of  the  E-pulse  given  by 

t, 

E(s)  =  |  e(t)  e~u  dt »  |  e(t)  e~*‘  dt  (22) 

and  E(sJ  is  E(s)  evaluated  at  sn  where  sH  is  the  n’th  natural  frequency  of  the  target. 
Now  assume  that  a  target  is  characterized  by  the  natural  frequencies  slt  •  •  •  ,  sN, 
while  the  extracted  natural  frequencies  from  its  scattered  response  are  ■  ,  s%. 
The  E-pulse  synthesized  for  this  target  satisfies 

t, 

E{s 2)  =  |  e(t)  i*  dt=  0  («=  1.2.....W)  (23) 

But  the  spectrum  of  the  E-pulse  is  not  zero  at  frequencies  of  rt,  ,  sN.  Conse¬ 
quently  the  late-time  convolution  of  c{t)  of  (19)  is  not  zero.  The  error  can  be 
estimated  as  follows.  Define 

(*=  1,2,...^0  (24) 

and  suppose  that  the  extracted  is  very  close  to  the  true  value  of  r„.  If  the  relation¬ 
ship 


Ar„  T,  «  1  (rt=l,2,...,JV) 


(25) 


holds,  then  (22)  can  be  approximated  as 
E(Sh)  ~  E(r°)  +  ~  E(s) |,o 

=  A  E(s§  (26) 

Thus  the  convolution  of  the  E-pulse  with  a  late-time  scattered  response  from  an 
expected  target  has  a  nonzero  amplitude  of 

c(i)  =  £  E(s§ |  e^cas  (<a„t  +  yj  t  >  TL  (27) 

»-i  °s 

If  the  differences  of  Ar,,...  ,  As*  are  sufficiently  small,  the  late-time  convolved  output  is 
negligible. 

In  the  proceeding  section,  it  is  shown  that  the  extracted  natural  frequencies  will 
be  perturbed  if  the  experimental  data  is  contaminated  by  noise.  Since  the  synthesis  of 
the  E-pulse  is  based  on  the  natural  frequencies  extracted  from  measured  responses,  the 
extracted  frequencies  are  always  perturbed  from  the  exact  frequencies.  To  view  the 
tolerable  range  of  the  perturbation  on  the  natural  frequencies,  a  numerical  experiment 
is  performed  on  the  impulse  response  of  a  thin  wire. 

Fig.  3  shows  the  backscattered  impulse  response  of  a  thin  wire  oriented  45°  w.r.L 
the  incident  wave.  The  impulse  response  is  constructed  with  the  first  five  modes.  It  is 
observed  that  the  early-time  part  of  the  impulse  response  is  oscillatory.  This  early- 
time  response  is  faulty  because  an  early-time  response  of  a  target  can  not  be  con¬ 
structed  with  a  sum  of  natural  modes  with  the  second-kind  coupling  coefficients.  We 
have  ignored  the.  faulty  early-time  response,  since  only  the  late-time  response,  which 
is  correct  as  depicted  in  Fig.  3,  is  needed  for  our  analysis. 

The  first  five  natural  frequencies  are  then  perturbed  by  white  Gaussian  noise  with 
various  deviations.  This  perturbation  is  direedy  applied  to  the  natural  frequencies. 
Subsequendy,  the  E-puises  are  synthesized  based  on  the  noise  perturbed  natural  fre¬ 
quencies.  Thereafter,  the  synthesized  E-pulses  are  convolved  respectively  with  the 
impulse  response  of  the  thin  wire  shown  in  Fig.  3.  The  convolution  result  is  shown 
in  Fig.  4.  It  is  obvious  that  when  the  noise  perturbation  is  more  than  5%,  the 
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convolved  responses  in  the  late  time  are  significantly  different  from  the  expected  null 
response.  Fig.  5  shows  the  various  E-pulses  which  are  synthesized  based  on  the  noise 
perturbed  natural  frequencies  of  the  thin  wire. 

It  is  observed  that  the  E-pulse  synthesis  and  the  E-pulse  convolution  are  quite 
sensitive  to  the  perturbation  of  the  natual  frequencies.  These  results  consequently 
suggest  that  the  natual  frequencies  must  be  extracted  from  scale-model  targets  in  a 
noise-controlled  laboratory  envirenment  However,  it  should  be  remembered  that  this 
sensitivity  of  the  E-pulse  to  the  perturbation  of  the  natural  modes  provides  the  E-pulse 
technique  with  the  potential  to  discriminate  two  similar  sized  targets. 

It  is  interesting  to  note  that  if  the  natural  frequencies  of  a  target  are  assigned  to 
be  second  order  zeros  of  E(s),  so  the  derivative  of  the  E-pulse  complex  spectrum  is 
also  zero  at  any  natural  frequency  of  the  target^  then  the  convolved  output  of  (27)  will 
remain  zero.  However  when  discrimination  between  two  targets  whose  natural  fre¬ 
quencies  are  located  close  to  each  other  in  the  complex  plane  is  desired,  the 
difference  between  two  late-time  convolved  outputs  may  not  be  large  enough. 

IV.  Noise  Performance  of  The  E-Pulse  Convolution 

This  section  is  devoted  to  identifying  a  statistical  noise  estimate  when  the  E-pulse 
technique  is  applied  to  the  scattered  response  contaminated  by  noise.  As  a  prelim¬ 
inary  analysis,  only  white  additive  stationary  noise  is  considered. 

When  zero-mean  stationary  white  noise  of  n(r)  is  considered,  it  is  mathematically 
implied  that  [12] 

£„[n(0]  =  0  (28) 

*„(T)  =  -y5(T)  (29) 

and 

No 
2 


$„(/)  = 


(30) 
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where  E  denotes  the  mean,  R  denotes  the  autocorrelation  function,  S  denotes  the 
power  spectrum  of  the  noise  and  N0  is  the  amplitude  of  the  power  spectrum.  Now  a 
target’s  response  contaminated  by  noise  is  assumed  to  be 

r(t)  =  ro(f)  +  n(/)  (31) 
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The  variance  of  the  E-puise  convolved  response  takes  the  value  of 
o 2(r)  =  Rc(t,  t)  -  £2[c(r)] 

T. 


/V0 


(36) 


where  P,  is  the  energy  contained  in  the  E-pulse  waveform. 

The  noise  model  used  here  is  an  ideal  one.  More  practical  would  be  white  noise 
band  limitted  by  the  band-width  of  the  system  being  considered.  As  an  example,  an 
ideal  low-pass  system  is  considered.  Its  transfer  function  is 

fl  \f\<W 


elsewhere 


(37) 


Then,  the  power  spectrum  of  the  noise  output  from  system  is 

N0  , 

5,00  =  IW)I2 


and  the  associated  autocorrelation  function  is 


(38) 


*,(x)  =  -y  j  \W(f)\1exp{-j2,nfz)  df 


=  WN0 


sin2reWt 

2kWx 


(39) 


while  the  variance  of  the  noise  is  obtained  by 

=  £„( 0)  -  £[n(r)]  =  £,(0)  =  WN0 


(40) 


With  (34),  the  autocorrelation  function  of  the  E-pulse  convolved  response  for  the  case 
of  band-limited  white  noise  can  be  shown  to  be 


T'e  T'.  .  sin2xW(r1-f,+r'-f)  . 

R^t\,  r2)  =  colrOcoOrf  +  WN0  f<(0  df  f e{t)  —  - —r—dt 

6  5  lKW(tx-t2+f-t) 


(41) 


The  variance  is  deduced  from  (41)  as 

o2  =  R^t)  =  WN0Uf)  dfieii)  (42) 

6  6  2icW(f-t) 
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If  the  noise  is  specified  with  a  standard  deviation,  then  the  parameter  N0  can  be 
obtained  with  the  help  of  (40)  as  long  as  the  system  bandwidth  is  given.  The  signal- 
to-noise  ratio  before  the  E-pulse  convolution  is  provided  by 

(5/A0o  =  l01ogIQ|p  (43) 

VvWq 


while  the  signal-to-noise  ratio  after  the  E-puise  convolution  can  be  evaluated  from 


(SIN)\  —  lOlogm 


sin2TcW(/-r)  r 
iTtW(t'-t) 


(44) 


where  the  bar  denotes  the  average  in  a  time  period 

The  behavior  of  the  noise  performance  of  the  E-pulse  convolution  is  described  by 
Figure  6  in  which  the  signal-to-noise  ratios  are  compared  before  and  after  the  convolu¬ 
tion  of  the  noise-contaminated  impulse  responses  of  a  thin  wire  with  its  E-pulses.  The 
signal-to-noise  ratios  for  different  aspect  angles  are  evaluated  with  (43)  and  (44).  The 
noise  deviation  associated  with  the  x  axis  is  the  percentage  of  the  maximum  amplitude 
in  an  impulse  response.  The  0  is  the  angle  between  the  wave  incident  direction  and 
the  thin  wire  axis.  An  ennhancement  of  about  20  dB  after  the  E-pulse  convolution  has 
been  achieved. 


V.  Noise-Testing  on  Experimental  Data 

In  the  preceeding  analysis,  only  the  constructed  thin  wire  responses  are  used  as 
examples.  But  the  analysis  is  applicable  to  any  response.  To  show  the  applicability, 
extensive  experiments  with  measured  responses  from  airplane  models  have  been  con¬ 
ducted.  However  only  a  few  examples  can  be  shown. 

In  the  experiments  conducted  very  noisy  radar  responses  are  created  by  adding 
extra  white  Gaussian  noise  to  the  measured  responses  of  the  targets.  These  noisy 
responses  are  then  convolved  with  the  E-pulses  of  the  targets.  It  is  found  that  the  E- 
pulses  are  still  effective  in  smothering  the  noise  and  are  capable  of  discriminating 
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between  the  expected  and  unexpected  targets  from  these  noisy  responses. 

Fig.  7. a  shows  the  pulse  response  (the  response  excited  by  an  incident  Gaussian 
pulse)  of  a  B-707  aircraft  model  [3]  measured  at  90°  aspect  angle,  without  extra  noise 
added.  Fig.  7.b  is  the  convolved  output  of  the  pulse  response  of  Fig.  7.a  with  the  E- 
pulse  synthesized  for  the  B-707  model.  As  expected,  a  very  small  output  is  produced 
in  the  late-time  portion  of  the  convolved  response.  This  identifies  the  pulse  response 
of  fig.  7.a  to  be  from  the  expected  B-707  model  target. 

Subsequendy,  a  noisy  response  is  generated  by  purposely  adding  Gaussian  white 
noise  to  the  measured  pulse  response  of  the  B-707  model  shown  in  Fig.  7.a.  The  stan¬ 
dard  deviation  of  the  noise  is  as  large  as  20%  of  the  maximum  amplitude  of  the  meas¬ 
ured  response.  The  noise  contaminated  response  is  shown  in  Fig.  8.a.  When  this 
noisy  pulse  response  of  Fig.  8. a  is  convolved  with  the  E-pulse  waveform  of  a  B-707 
model,  a  satisfactory  convolved  output,  as  shown  in  Fig.  8.b,  is  obtained.  This  con¬ 
volved  output  resembles  that  of  Fig.  7.b.  The  late-time  response  still  remains  small. 
The  signal- to-noise  ratio  is  enhanced  from  -1.12  dB  to  23.7  dB  after  the  E-pulse  con¬ 
volution.  This  confirms  that  the  B-707  model  may  be  identified  from  the  noisy  pulse 
response  of  Fig.  8.a. 

Next,  an  attempt  is  made  to  discriminate  an  unexpected  F-18  target  model  by 
applying  the  E-pulse  for  the  B-707  model  to  the  noisy  pulse  responses  of  the  wrong 
target.  Fig.  9.a  is  the  pulse  response  of  the  F-18  model  measured  ai  the  same  aspect 
angle  of  90°  without  extra  noise  added.  When  the  response  of  Fig.  9. a  is  convolved 
with  the  E-pulse  of  the  B-707  model,  the  convolved  output  is  shown  in  Fig.  9.b.  It  is 
seen  that  a  relatively  large  late- time  response  is  obtained.  This  is  the  indication  of  the 
wrong  target 

As  done  previously  for  the  response  of  the  B-707  model,  the  pulse  response  of 
an  F-18  model  is  contaminated  with  white  Gaussian  noise.  The  standard  deviation  is 
kept  to  be  20%  of  the  maximum  amplitude  of  the  measured  response  of  the  F-18 
model.  Fig.  lO.a  shows  the  resulting  waveform.  The  noisy  pulse  response  of  Fig.  lO.a 
is  subsequently  convolved  with  the  E-pulse  of  the  B-707  model.  The  convolved  out¬ 
put  is  shown  in  Fig.  lO.b.  As  compared  to  the  result  of  Fig.  9.b,  the  convolved  output 
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of  Fig.  lO.b  presents  a  relatively  unchanged  early-time  response  followed  by  a  still 
large  and  somewhat  noisy  late-time  response.  This  late-time  response  is  sufficiently 
large  to  indicate  that  the  noisy  pulse  response  of  Fig.  lO.a  is  scattered  from  an  unex¬ 
pected  target  other  than  the  B-707  model.  In  this  case  the  signal-to-noise  ratio  is 
enhanced  from  -2.43  dB  to  30.1  dB  after  the  E-pulse  convolution. 


VL  Conclusion 

Several  aspects  concerning  the  noise  characteristics  of  the  E-pulse  technique  for 
radar  target  discrimination  have  been  investigated.  An  error  estimate  on  the  extraction 
of  the  natural  frequencies  of  a  target  from  measured  responses  has  been  given.  It  has 
been  shown  that  if  a  set  of  natural  modes  of  a  target  is  perturbed  more  than  3%,  the 
corresponding  E-pulse  waveform  and  the  consequent  convolution  are  significantly 
different  This  property  provides  the  E-pulse  with  the  potential  to  discriminate  two 
similar  sized  targets,  and  strongly  suggests  that  the  extraction  of  the  natural  frequen¬ 
cies  from  measured  responses  must  be  done  on  a  scale  model  in  the  laboratory 
environment  Also,  the  signal-to-noise  ratio  of  a  response  has  been  demonstrated  to 
be  enhanced  20  dB  by  the  E-pulse  convolution.  Thus  the  noise  insensitivity  of  the  E- 
pulse  convolution  has  been  demonstrated. 

Experimental  results  with  the  measured  responses  from  scale  airplane  models 
have  verified  the  analysis  in  the  paper.  The  scattered  responses  from  two  similar  sized 
airplane  models  with  20%  extra  white  noise  added  can  be  used  to  discriminate  the  tar¬ 
gets. 
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Table  1  The  first  five  natural  frequencies  of  a  30  cm  thin  wire  extracted  from  its 
impulse  response  via  a  continuation  method.  The  impulse  response  is  constructed  with 
the  first  five  modes  and  is  contaminated  with  an  uniform  white  noise. 

Fig.  1  The  norm  of  the  matrix  5  (log10)  when  three  modes  are  extracted  from  an 
impulse  response  of  a  30  cm  thin  wire  (  8  =  60°  ) 

Fig.  2  The  norm  of  the  matrix  S  (log10)  when  five  modes  are  extracted  from  an 
impulse  response  of  a  30  cm  thin  wire  (  0  =  60°  ) 

Fig.  3  The  impulse  response  of  a  30  cm  thin  wire  with  a  45°  angle  w.r.L  to  the 
incident  direction  of  the  exciting  wave. 

Fig.  4  The  impulse  response  c"  a  30  cm  thin  wire  (  0  =  45°  )  is  convolved  with 
the  E-pulses  which  are  synthesized  based  on  the  noise-perturbed  natural  frequencies 
of  the  thin  wire. 

Fig.  5  The  E-pulse  waveforms  synthesized  for  a  30  cm  thin  wire  based  on  its 
first  five  natural  frequencies.  The  five  natural  frequencies  are  perturbed  with  Gaussian 
white  noise. 

Fig.  6  Comparison  of  the  signal  to  noise  ratios  before  and  after  the  impulse 
responses  of  a  30  cm  thin  wire  are  convolved  with  its  E-pulse.  The  first  five  natural 
frequencies  are  used  to  construct  the  impulse  responses  and  to  synthesize  the  E-pulses 
of  the  thin  wire. 

Fig.  7  (a)  The  measured  scattered  waveform  of  B-707  model  at  aspect  angle  of 
90°;  (b)  its  convolved  response  with  the  E-pulse  waveform  of  B-707  model 

Fig.  8  (a)  The  noise  contaminated  (20%  of  maximum  amplitude)  scattered 
waveform  of  B-707  model  at  aspect  angle  of  90°;  (b)  its  convolved  response  with  the 
E-pulse  waveform  of  B-707  model 

Fig.  9  (a)  The  measured  scattered  waveform  of  F-18  model  at  aspect  angle  of 
90°;  (b)  its  convolved  response  with  the  E-pulse  waveform  of  B-707  model 

Fig.  10  (a)  The  noise  contaminated  (20%  of  maximum  amplitude)  scattered 
waveform  of  F-18  model  at  aspect  angle  of  90°;  (b)  its  convolved  response  with  the 
E-pulse  waveform  of  B-707  model 


mode  # 

theory 

no  noise 

5%  noise 

1 

10%  noise 

Si 

-0.260 l+j2.906 

-0.260  l+j2.906 

-0.2595+j2.901 

-0.2667 +j  2. 894 

S2 

-0.3808+j6.007 

-  0.3  808 +j  6.007 

-0.3862 +j6.051 

-0.3912+j5.988 

S3 

-0.4684+j9.060 

-0.4684+j9.060 

-0.4136+j8.960 

-0.2322 +j9. 193 

S, 

-0.538  l+j  12. 17 

-0.5415-4-jl2.17 

-1.1178+j  12.02 

-0.4702+j  13.40 

S5 

-0.5997+j  15.24 

-0.5997+j  15.25 

-0.47 16+j  14.98 

-0.6789+j  15.09 

Tabic  1  The  first  five  natural  frequencies  of  a  30  cm  thin  wire  extracted  from  its 
impulse  response  via  a  continuation  method  The  impulse  response  is  constructed  with 
the  first  five  modes  and  is  contaminated  with  an  uniform  white  noise. 
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Fig.  1  The  norm  of  the  matrix  5  (log10)  when  three  modes  are  extracted  from  an 
impulse  response  of  a  30  cm  thin  wire  (  8  =  60°  ) 
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Fig.  2  The  norm  of  the  matrix  5  Oog10)  when  five  modes  are  extracted  from  an 
impulse  response  of  a  30  cm  thin  wire  (  0  =  60°  ) 


Fig.  3  The  impulse  response  of  a  30  cm  thin  wire  with  a  45°  angle  w.r.t.  to  the 
incident  direction  of  the  exciting  wave. 
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Fig.  4  The  impulse  response  of  a  30  cm  thin  wire  (  9  =  45°  )  is  convolved  with  the 
E-pulses  which  are  synthesized  based  on  the  noise-peTturbed  natural  frequencies 
of  the  thin  wire. 
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Fig.  5  The  E-pulse  waveforms  synthesized  for  a  30  cm  thin  wire  based  on  its  first  five 
natural  frequencies.  The  five  natural  frequencies  are  perturbed  with  Gaussian  white 
noise. 


late-ume 


4 


6 


Time  in  ns 


(b) 


n 


o 


ivavefonn  of  B-707  model  at  aspect  angl 
i-Dulse  wavefonn  of  B-707  model 


Fig.  8  (a)  The  noise  contaminated  (20%  of  maximum  amplitude)  scattered  waveform 
of  B-707  model  at  aspect  angle  of  90°;  (b)  its  convolved  response  with  the  E-pulse 
waveform  of  B-707  model 


Fig.  9  (a)  The  measured  scattered  waveform  of  F-18  model  at  aspect  angle  of  90°;  (b) 
its  convolved  response  with  the  E-pulse  waveform  of  B-707  model 
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Fig.  10  (a)  The  noise  contaminated  (20%  of  maximum  amplitude)  scattered  waveform 
of  F-18  model  at  aspect  angle  of  90°;  (b)  its  convolved  response  with  the  E-pulse 
waveform  of  B-707  model 
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ABSTRACT 


This  paper  introduces  an  approximate  but  computational  1  y  sinple  technique 
for  calculating  the  natural  current  and  backs cattered  field  response  of  an 
arbitrarily  shaped  thin  wire  scatterer.  A  sinple  one-term  resonant  current 
approximation  is  shown  to  yield  excellent  results  for  the  natural  frequencies  of 
perturbed  straight  wires  and  circular  loops.  Comparison  with  the  measured 
current  response  of  a  compound  wire  target  validates  the  sinple  theory. 
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The  introduction  of  the  singularity  expansion  method  (SEM)  by  Bairn  [1] 
renewed  interest  in  transient  electromagnetic  scattering  by  providing  a  simple 
means  of  characterizing  the  response  of  a  scatterer  in  terms  of  its  natural 
resonances.  SEM  concepts  are  actively  employed  in  radar  target  identification, 
where  natural  resonances  are  used  as  aspect-independent  target  features  [2] .  An 
important  facet  of  target  identification  is  the  ability  to  discriminate  targets 
with  subtle  differences  in  geometry,  such  as  aircraft  wing  angle  and  length. 
Since  a  theoretical  study  of  the  effect  of  slight  shifts  in  resonant  frequencies 
requires  the  calculation  of  a  large  number  of  sets  of  frequencies,  simple  targets 
such  as  wires  are  often  enployed  to  minimize  computational  effort. 

To  fully  understand  the  effects  of  small  shifts  in  target  geometry  on 
target  discrimination  it  is  not  necessary  to  precisely  determine  the  natural 
frequencies,  but  rather  to  accurately  quantify  their  change.  To  that  end,  this 
paper  introduces  a  simple  technique  for  approximating  the  natural  frequencies  of 
an  arbitrarily  shaped  thin  wire,  providing  an  efficient  means  to  test  target 
discrimination  algorithms. 

A  straight  thin  cylinder  was  one  of  the  first  structures  to  be  analyzed 
using  the  SEM  [3].  It  was  found  that  the  dominant  natural  mode  currents  (those 
with  the  smallest  temporal  damping  rates)  were  nearly  sinusoidal,  each 
representing  a  standing  wave  due  to  reflections  from  the  ends  of  the  wire.  This 
simple  picture  is  equally  valid  for  a  thin  wire  bent  into  an  arbitrary  shape,  and 
so  a  sinusoidal  current  distribution  remains  a  valid  approximation  for  the 
resonant  current.  A  transcendental  equation  for  the  natural  frequencies  based 
on  this  approximation  is  introduced,  and  the  coupling  coefficients  for  the 
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current  and  backs cattered  field  response  are  specified.  Comparison  with  moment 
method  solutions  reveals  that  the  approximate  resonant  frequencies  are  quite 
accurate  for  modest  perturbations  from  a  straight  wire  or  circular  loop. 


II.  TRBHSCniDDnAL  EQGATIGN  FOR  APPROXIMATE  NATURAL  FREQUENCIES 

Consider  a  thin  wire  of  radius  a  and  length  L  arranged  along  an  arbitrary 
axial  path  r  in  free  space,  as  shown  in  Fig.  1.  The  arc  length  along  the  wire 
axis  is  measured  by  the  variable  u  with  its  origin  chosen,  for  convenience,  at 
the  origin  of  coordinates.  The  wire  is  illvnvinated  by  a  transient  plane  wave 
field  travelling  in  the  direction  w  with  time  history  f(t)  and  polarization  $. 
In  the  Laplace  frequency  domain  this  field  is 

-  <%i^)e-'rw  (l) 

where 

M  (2) 


and  F(s)  is  the  Laplace  spectrum  of  f(t). 

Using  the  thin  wire  approximation,  the  current  induced  on  the  surface  of 
the  wire  is  replaced  by  an  equivalent  axial  current  I(u) .  The  field  produced  by 


the  induced  current  is  then,  adapting  the  approach  by  Mie  [1] 


aw 
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where 

r  -  jr-r'l  (5) 

and  (1  is  the  unit  tangent  to  the  wire  axis  at  the  axial  point  u.  Applying  the 
boundary  ccnditicxi  on  the  surface  of  the  wire  that  the  total  tangential  field 
must  be  zero  leads  to  the  electric  field  integral  equation  (EFIE)  for  the  current 
induced  in  the  wire 

{[  du'  du 
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Here,  by  the  thin  wire  approximation,  R  is  the  distance  from  an  axial  source 
point  at  axial  position  u'  to  a  field  point  an  the  wire  surface  at  axial  position 
u. 

The  natural  resonances  of  the  wire  are  defined  through  the  unforced 
solutions  to  (6).  Spatially  weighting  (6)  by  the  natural  mode  current 
distribution  gives  a  transcendental  equation  for  the  natural  frequencies  of  the 
wire  {Sjj} 
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which  could  be  solved  if  I(u)  were  known.  Integrating  by  parts,  and  using  the 
boundary  condition  that  the  current  must  be  zero  at  the  ends  of  an  open  wire,  or 
continuous  on  a  closed  loop,  gives  the  more  stable  equation 


ai(u)  agwQ 
du  du‘ 
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(8) 


where  the  derivative  has  been  removed  from  the  Green's  function. 

A  typical  approach  to  determining  the  natural  frequencies  is  to  solve  the 
homogeneous  version  of  (6)  for  the  natural  mode  current  distribution  and  the 
natural  frequencies  simultaneously.  This  requires  a  tedious  moment  method 
solution,  where  the  wire  is  discretized  and  a  large  matrix  equation  is  solved 
repeatedly  during  a  root  search  [2].  Since  there  is  no  way  of  predetermining  the 
current  distribution,  the  resulting  natural  frequencies  are  often  hard  to 
separate. 

A  much  simpler  approximate  solution  for  the  natural  frequencies  can  be 
obtained  by  solving  (8)  with  an  appropriate  approximation  of  the  natural  current. 
It  is  well  known  that  the  dominant  (first  layer)  resonant  modes  of  a  thin  wire 
are  highly  sinusoidal  such  that  a  satisfactory  approximation  for  the  nth  mode 
current  distribution  is 
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with  an  appropriate  phase  factor  included  for  closed  loop  wires.  Substituting 
(9)  into  (8)  gives  a  sinple  transcendental  equation  for  the  nth  mode  natural 
frequencies  of  the  wire 

F*(s)  -  F~(s)  -  0  U°) 


where 
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It  is  interesting  to  note  that  a  zeroth  order  solution  for  the  natural 
frequencies  can  be  obtained  using  the  crude  approximation 
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which  yields 
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Using  (10)  than  gives 
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nnc 
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which  are  the  expected  sinple  nan-radiating  resonant  mode  natural  frequencies. 


hi.  csLcoiAnai  op  late-time  transient  cdrrewt  mjxss  at  hire 

The  approximate  late-time  transient  current  induced  in  the  thin  wire  can 
be  written  as  a  singularity  expansion  over  the  dominant  natural  mode  current 
distributions  [1].  In  the  frequency  domain  this  expansion  is 

/(«*♦»)  -  £  /,(ii)  U5) 

»-i 


where  N  is  the  number  of  dominant  modes  excited  by  the  incident  pulse  waveform 
f(t),  an(sD)  is  the  class-1  coupling  coefficient  for  the  nth  mode  and  I^u)  is 
given  by  (9).  Note  that  both  the  coupling  coefficients  and  the  natural 
frequencies  appear  in  ccnplex  conjugate  pairs;  i.e.,  =  s^g*,  where  *  denotes 
the  carp  lex  conjugate. 

The  coupling  coefficients  are  excitation  dependent  and  can  be  confuted  as 
follows.  Substituting  the  singularity  expansion  (15)  into  the  integral  equation 
(6),  multiplying  both  sides  by  the  current  distribution  of  the  rnth  mode  and 
integrating  gives 
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(16) 


M 

n-1  ~ 


a 


du;  a» 


R 


-  -47we0£0F(5)  ^ 


Integrating  by  parts  twice  and  using  the  boundary  conditions  on  current  at  the 
ptv!«i  of  the  wire  allows  the  roles  of  1^  and  1^  to  be  swapped.  Using  reciprocity 
of  the  Green's  function  then  gives 


2Jf 


a 


-y 2d4'I(u') 


du '  du 
-  -4nse^m f lm{u)Mfr'du 


R 


•du'  - 


(17) 


Now,  taking  the  limit  as  s  -  s>,  the  left  hand  side  is  seen  to  be  zero  by  virtue 
of  the  definition  of  a  natural  mode  (7)  for  all  terms  in  the  sun  except  n=m.  The 
n=m  term  produces  an  indeterminate  form  which  can  be  evaluated  using  1  'Hopital  's 
rule  to  yield  the  class-1  coupling  coefficient.  Substituting  the  approximate 
current  distribution  (9)  gives  the  approximate  class-1  coupling  coefficients  for 
the  dominant  (first  layer)  modes 
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4*j„e0£Jr(5j 

- Zr1-  <W 


(ia) 


where 


U9) 


Here  is  a  normalization  coefficient  given  by 

-  c;-c; 


(20) 


where 


cos —(mu')— - dudu 

L  R 


(21) 


The  late-* time  current  response  of  the  thin  wire  can  now  be  evaluated  by 
inverting  (15) 


IM  -  E  sin^n* -00,(5^  +  a;es‘] 


(22) 
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IV.  C&LCOIAnCH  OP  BKKSCKTEERB)  FIELD 


cnee  the  transient  current  on  the  wire  has  been  found,  the  far  zone 
backs cattered  field  is  easily  calculated  by  integrating  over  the  current 
distribution.  The  far  zone  field  scattered  by  the  wire  can  be  calculated  by 
keeping  terms  only  to  1/R  in  the  general  formulation  for  the  transient  field 
radiated  by  a  current  source  [6].  This  gives 

fiu't-- 

-  SI****1 -hr- 


(23) 


Using  the  standard  far  zone  approximations  that 

R  -  T-t* 


(24) 


in  the  time  shift  factor  while 


R  -  r 


(25) 


in  the  denominator,  and 


A  -  t 


(26) 


leads  to 


Bp#  -  ^-fxfx  f 

An  {  \  e  c 


(27) 
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a a  the  far- tone  scattered  field. 

Substituting  the  current  expansion  (22)  into  the  scattered  field  formula 
(27)  and  noting  that  in  the  backs cattered  direction 

f-r  -  -rtf’-  -w  (28) 


gives  the  backs cattered  field 


%rjt)  - 


a»l  "Y.w  #  •  l.f  “T 

e*  e  1  amtr  e 


(29) 


where  t  =  t  -  r/c.  Finally,  remembering  that  the  field  polarization  of  the 
incident  field  $  must  be  orthogonal  to  the  direction  of  propagation  Q  leads  to 

E.W)  -  O-ftr.0  -  <»> 


for  the  polarization  matched  component  of  the  far-zone  backs  cattered  field,  where 
Qq(s!1)  was  defined  in  (19),  and  Re  indicated  the  real  part. 


V.  EXAMPLES 


As  a  sinple  first  exanple,  consider  a  plane  wave  with  a  unit  step  time 
history  incident  an  a  straight  thin  wire  as  shown  in  Fig.  2.  The  natural 
frequencies  obtained  by  solving  (10)  are  shown  in  the  figure  for  the 
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first  ten  dominant  modes  of  the  wire,  along  with  the  natural  frequencies  obtained 
by  solving  the  homogeneous  version  of  (6)  using  the  method  of  moments  [3]. 
Agreement  is  seen  to  be  excellent  for  the  imaginary  parts,  with  a  maximum  error 
of  less  than  one  per  cent.  The  real  parts  are  less  accurate,  showing  a  maximum 
error  of  about  12%.  Both  these  errors  increase  with  modal  index,  as  expected, 
since  the  resonant  current  approximation  (9)  is  most  accurate  for  modes  with  the 
least  spatial  variation  of  current. 

Also  shown  in  Fig.  2  is  the  current  response  to  the  incident  step  ane 
wave,  calculated  at  u=0.75L  using  (18)  in  (22)  and  the  first  ten  dominant  modes. 
A  comparison  with  the  moment  method  results  of  Michalski  [4,  Fig.  3]  shows 
excellent  agreement,  suggesting  that  the  relatively  high  error  in  the  real  parts 
of  the  natural  frequencies  does  not  lead  to  an  equivalently  high  error  in 
predicting  the  current  response.  This  is  not  surprising.  Based  on  experience 
in  mode  extraction,  accurate  modelling  of  a  response  with  natural  modes  is  highly 
insensitive  to  variations  in  the  real  parts  of  the  natural  frequencies,  making 
them  difficult  to  extract  from  data  [5]. 

Note  that  the  time  origin  for  the  current  response  is  at  the  first  moment 
the  incident  wave  strikes  the  cylinder.  Thus,  the  response  should  be  zero  until 
t=0.65L/c,  the  time  the  incident  field  reaches  the  observation  point  at  u=0.75L. 
That  this  is  not  so  is  a  reflection  of  the  inability  of  the  class-1  coupling 
coefficients  to  accurately  represent  the  early-time  response  of  the  wire. 
However,  as  explained  in  [4],  the  causal  portion  of  the  response  is  adequately 
modelled  using  class-1  coefficients. 

The  backs cattered  field  step  response  of  the  cylinder  shown  in  Fig.  2  has 
also  been  calculated.  Using  (30)  with  the  first  ten  approximate  natural 
frequencies  yields  the  electric  field  waveform  shown  in  Fig.  3.  Note  that  since 
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the  early-time  current  response  was  not  accurately  modelled  using  class-1 
coefficients,  the  early-time  of  the  backscattered  field  response  will  also  be 
inaccurate.  However,  the  late-time  portion,  beginning  at  t=1.73L/c,  a  time  equal 
to  the  two-way  transit  time  of  the  cylinder  times  the  cosine  of  the  incidence 
angle,  should  be  well  approximated.  Note  that  it  is  this  late-time  period  which 
is  needed  in  the  study  of  radar  target  discrimination  schemes  such  as  the  E-pulse 
and  K-pulse  methods  [6]. 

As  a  second  example,  consider  a  thin  wire  elliptical  loop,  as  shown  in  Fig. 
4.  The  natural  mode  current  distributions  on  the  loop  demonstrate  two  types  of 
symnetry,  corresponding  to  either  the  sinusoidal  or  cosinusoidal  distributions 
in  a  circular  loop.  The  current  for  sine  modes  is  approximated  using  (9)  while 
cosine  modes  require  a  90°  phase  dhift.  The  n=l  natural  frequencies  found  by 
solving  (10)  are  compared  in  Fig.  4  with  those  found  using  a  moment  method 
solution  [7],  as  a  function  of  ellipse  eccentricity.  Again,  agreement  is  seen 
to  be  very  good,  with  the  best  results  coming  for  the  smallest  eccentricity. 
This  is  expected,  since  zero  eccentricity  corresponds  to  a  circular  loop,  which 
in  fact  has  true  sinusoidal  natural  mode  current  distributions  (8]. 

Similar  results  are  obtained  for  segmented  wires  as  shown  in  Fig.  5.  Here 
a  thin  wire  has  been  bent  at  its  midpoint  through  a  series  of  angles  and  the  n=l 
natural  frequency  has  been  calculated  by  solving  (10).  A  comparison  with  results 
obtained  using  the  moment  method  for  a  right  angle  bend  (9]  shows  reasonable 
agreement. 

As  a  last  example,  a  compound  bent  wire  has  been  constructed  and  its 
current  response  to  a  one-nanosecond-pulse  wavefront  has  been  measured  above  a 
conducting  ground  plane.  The  result  is  shown  in  Fig.  6.  (Only  one  half  of  the 
target  was  actually  used,  and  only  the  odd  modes  were  excited,  due  to  the  image 
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effect.  For  a  description  of  the  MSD  transient  measurement  range,  see  [10]). 
A  small  circular  loop  current  probe  was  used  to  sample  the  magnetic  field  near 
the  surface  of  the  wire,  and  thus  the  measured  response  is  proportional  to,  by 
Faraday's  law,  the  derivative  of  the  current  response.  The  natural  frequencies 
of  the  wire  were  extracted  from  the  late-time  portion  of  the  measured  response 
using  an  E-pulse  technique  [11]  and  are  carper ed  in  Fig.  6  to  those  calculated 
by  solving  (10) .  Agreement  between  the  approximate  theory  and  experiment  is  seen 
to  be  excellent  for  the  imaginary  parts. 

The  current  response  of  the  compound  wire  has  also  been  calculated,  by 
first  finding  the  impulse  response  using  F(s)=l  in  (18)  and  then  convolving  with 
the  measured  incident  pulse  waveform.  Rather  than  attenpting  to  integrate  the 
measured  data  to  conpare  to  the  theory  (an  often  difficult  task,  due  to  a  pesky 
DC  offset  present  in  the  measured  data) ,  the  theoretical  current  distribution 
(22)  has  been  analytically  differentiated  and  the  result  plotted  in  Fig.  6. 
Agreement  during  the  late-time  period  is  seen  to  be  quite  good. 


VI.  DISCUSSION 


This  paper  has  introduced  a  simple  approximation  for  the  portion  of  the 
natural  response  of  an  arbitrarily  shaped  thin  wire  scatterer  that  results  from 
the  dominant  (first  layer)  modes.  Numerical  and  experimental  results  show  that 
the  approximation  is  quite  good.  It  is  important  to  note  that  while  nudes  of 
higher  complexity  have  been  ignored  in  this  simple  analysis,  they  are  not  often 
of  practical  value.  The  real  parts  of  the  simple  first  layer  resonant  modes  are 
usually  much  smaller  (in  magnitude)  than  those  of  more  complex  modes,  and  thus 
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dominate  the  response.  This  is  especially  true  of  measured  responses,  where 
modes  of  higher  complexity  fall  beneath  the  noise  level.  Thus,  good  agreement 
was  seen  between  the  measured  and  approximate  responses  of  the  carpound  wire 
target  of  Fig.  6,  even  though  higher  complexity  modes  were  ignored  in  the 
analysis. 

The  benefits  of  using  the  approximate  approach  are  twofold.  First,  by 
specifying  the  order  of  the  resonance  (i.e. ,  picking  n)  the  carpi  exit  y  of  solving 
for  the  natural  frequencies  is  reduced  compared  to  the  moment  method.  When  using 
the  moment  method,  all  the  frequencies  are  determined  from  the  same  homogeneous 
matrix  equation,  and  their  existence  depends  on  the  level  of  discretization  of 
the  wire  or  representation  of  the  current.  (That  is,  if  the  current  is  not 
allowed  sufficient  freedom  to  oscillate,  higher  order  frequencies  cannot  be 
obtained). 

Second,  the  simple  transcendental  equation  (10)  is  very  stable  (i.e.,  not 
highly  sensitive  to  integration  accuracy),  and  allows  for  a  rapid  solution  for 
the  natural  frequencies.  Many  frequencies  of  a  quite  ccnpl i cat ed  wire  can  be 
obtained  in  just  a  few  minutes  on  an  ordinary  PC.  This  is  extremely  valuable 
when  the  transient  responses  of  several  similar  targets  are  needed  for  a 
parametric  analysis.  For  instance,  it  is  possible  to  generate  a  large  amount  of 
data  for  wire  targets  with  slightly  different  geometries  for  use  in  evaluating 
radar  target  identification  schemes.  In  fact,  since  the  change  in  natural 
frequency  is  what  affects  the  ability  to  discriminate,  the  approximate 
frequencies  are  often  sufficiently  accurate. 

As  a  last  note,  it  is  straightforward  to  generalize  this  approach  to  arrays 
of  thin  wires  of  arbitrary  shape.  The  natural  frequencies  are  then  obtained  by 
solving  a  determinental  equation  of  order  equal  to  the  number  of  wires  involved. 
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FIQPSE  CRPTICWS 


Fig.  1.  Geometry  of  an  arbitrarily  shaped  thin  wire  scatterer. 

Fig.  2.  First  ten  natural  frequencies  s.L/c  of  a  thin  cylinder,  and  surface 
current  step  response  at  u=0.75L  calculated  using  first  ten 
frequencies  of  approximate  theory. 

Fig.  3.  Backseat tered  field  step  response  of  a  thin  cylinder,  calculated 

using  first  ten  frequencies  of  approximate  theory. 

Fig.  4.  Variation  of  the  n=l  sine  and  cosine  mode  resonant  frequencies  with 
eccentricity  for  a  thin  wire  elliptical  loop. 

Fig.  5.  Variation  of  the  n=l  resonant  frequency  with  bend  angle  for  a  bent 
wire. 

.ft 

Fig.  6.  First  six  odd  mode  frequencies  s_xlO  of  a  compound  wire,  and 
comparison  of  measured  current  “pulse  response  with  response 
calculated  using  first  six  odd  modes  of  approximate  theory. 
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-.832,30.8 
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First  ten  natural  frequencies  s.L/c  of  a  thin  cylinder,  and  surface 
current  step  response  at  u=0.75L  calculated  using  first  ten 
frequencies  of  approximate  theory. 
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Backs cattered  field  step  response  of  a  thin  cylinder,  calculated 
lining  first  ten  frequencies  of  approxiirate  theory. 
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Variation  of  the  n=l  sine  and  cosine  mode  resonant  frequencies  with 
eccentricity  for  a  thin  wire  elliptical  loop. 
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Variation  of  the  n=l  resonant  frequency  with  bend  angle  for  a  bent 
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First  six  odd  mode  frequencies  s.xlO**  of  a  compound  wire,  and 
caii>ari3cn  of  measured  current  “pulse  response  with  response 
calculated  using  first  six  odd  inodes  of  approximate  theory. 
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